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i 
Abstract  
 
This Ph.D. dissertation consists of primary and complementary studies. The 
primary studies comprise development of ultrasonic methodology for on-line 
ultrasonic measurement of liquid-particle flow, in terms simultaneous determination 
of average particle concentration and flow speed. Developed methodology is also 
useful for liquid-particle flow characterization, like detection of flow turbulence 
intensity, particle clustering, appearance of air bubbles as a third phase and for study 
of rheology of fluids. It is based on Ultrasonic Attenuation Spectroscopy and Sound 
Speed measurements.   
Basic elements of the Improved Pulsed Broadband Ultrasonic Spectroscopy 
method for analysis of liquid-particle flow have been studied: selection and testing of 
experimental setup elements in terms of limitations and measurement sensitivity, 
design of an ultrasonic pulse that is optimal for detection of small particle and liquid-
particle flow measurement, signal acquisition techniques, operations on signals, 
including averaging techniques and signal conversion and finally study of internal 
resonances in a test cell.   
Experimental results of ultrasonic measurement of particle concentration in low 
concentration water with glass particles flow are presented, as well as influence of 
flow turbulence on the measurement. Since several effects have been measured 
simultaneously by one ultrasonic pulse, signal interpretation is complex. It has been 
discussed with the help of acoustic theories for particulates, physical theory of 
damped, driven of harmonic oscillator and sediment transport theories, as well as 
published results and supportive numerical simulations in Matlab. 
Acoustic field in liquid-particle suspension has been calculated using Comsol 
Multiphysics finite element software for better understanding of experimental results. 
Applications are related to flow assurance and petroleum production: monitoring 
of solids and liquid flow, control of flow dynamics parameters, i.e. concentration and 
flow speed, detection of flow turbulence. 
The complementary studies include design of a small scale rotational test cell 
with annular flow channel, its testing for various applications, flow regime 
characterization and flow speed measurement using ultrasonic Transit Time 
Difference method. Cross-correlation of backscattered from particles ultrasonic 
signals has also been discussed. Acoustic streaming has been performed in different 
fluids and velocity profiles determined using Particle Image Velocimetry, based on 
recorded high speed camera images. 
 
Preface  
 
The dissertation has been initiated thanks to collaboration between prof. Rune 
Time from University of Stavanger and Alexandre Goldszal from Total E&P Norge. 
The latter party has financed the whole research work.  
The dissertation consists of theoretical, experimental and simulation studies for 
description of liquid-particle flow using ultrasound techniques. Three sources have 
been of great help and foundation for building new methodology for ultrasonic 
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ii 
measurement and characterization of liquid-particle flow: 1) the book “Ultrasound for 
Characterizing Colloids” by A.S. Dukhin and P.J. Goetz, 2) the book “Flow 
Handbook” by Endress+Hauser and 3) International Standard ISO “Measurement and 
characterization of particles by acoustic methods - part 1: concepts and procedures in 
ultrasonic attenuation spectroscopy”. Concentration and flow speed parameters have 
been of primary importance during the studies; however other parameters, like 
particle size, flow turbulence and physical fluid properties have also been included. 
Experiments have been performed in the Multiphase Flow Laboratory at Petroleum 
Department at the University of Stavanger. A useful insight for design of the flow cell 
has come from Alexandre Goldszal from Total E&P Norge and prof. Francois Charru, 
who has built a similar model in the laboratory at the Institute for Multiphase Flow 
Research (IMFT) in Toluouse. 
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1 
1 Introduction 
 
There is an underexplored area in petroleum industry, related to on-line (real-
time) measurement of flow of liquid-solid particle suspension. The flow of suspension 
is a challenge in the metering world, despite the fact that it commonly occurs in 
transport pipelines, multiphase separators and other process facilities. Small solid 
particles tend to be easily suspended in the main liquid flow, which can cause 
damages to facilities, when such process is uncontrolled. Therefore, there is a need to 
provide information for control of flow dynamics parameters, like particle 
concentration and flow speed. Other flow dynamics parameters including flow 
turbulence intensity, particle size are also of interest, in order to fully describe two-
phase liquid-particle flowing systems.  
Ultrasound technology is an environmentally friendly, non-invasive, externally 
applied and well proven in medicine, industry and science. Among a number of 
existing applications, some examples of medical applications are: cancer treatment, 
breaking of kidney stones, determination of heartbeat of fetus. While, some industrial 
applications can be listed as: thickness measurement and non-destructive testing 
(NDT), flow speed measurement, characterization of dispersions, manipulation of 
particles, enhancement of flow in microchannels (ultrasonic streaming), ultrasound 
scanning  of non-transparent systems (ultrasonic imaging), fish detection (ultrasound 
real-time identification). Nowadays, ultrasound technology is extensively developed, 
in order to provide detailed description of complex systems. Flow of liquid-solid 
particle suspension is one of them. 
 This dissertation describes development of ultrasonic methodology for 
measurement and characterization of flow of liquid containing solid particles. It 
consists of experiment design studies and analysis of results. In addition, design of a 
small scale rotational cell for study and measurement of liquid-particle flow is 
presented. An effort has been made in order to answer the following questions: Which 
ultrasonic technique is suitable for real-time measurement of liquid-solid particle flow 
and why? Which flow dynamics parameters can be described using ultrasonic 
measurement methods? What is the effect of particles flowing in liquid on ultrasonic 
measurement? Is it possible to measure flow speed and concentration simultaneously 
using the same type of ultrasonic pulse? What is the effect of flow turbulence on 
ultrasonic measurement of liquid-particle flow? These questions have been the key 
questions shaping the content of the work presented here. 
 
1.1 Project objective 
 
The main objective of this project is to develop ultrasonic methodology for 
measurement and characterization of flow containing solid particles.  In particular, a 
challenge is to measure particle concentration and flow speed simultaneously in on-
line conditions, using ultrasonic techniques. Another objective is to explore 
possibilities of ultrasounds for control of other flow dynamics parameters, in example, 
flow turbulence intensity and particle size. The outcome of the Ph.D. project is 
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methodology, an advanced measurement system and experimental results 
complemented with numerical examples. 
 
1.2 Applications 
 
Applications are related to petroleum flow assurance and production of 
hydrocarbons: monitoring of solids and liquid flow in sand production, control of 
flow dynamics parameters, like concentration of solids and fluid flow speed, detection 
of instabilities in turbulent flow regime, like undesired flow regime in a multiphase 
separator.  
Results and learned knowledge will be beneficial for research and other 
industrial applications related to dynamic liquid-particle systems. 
 
1.3 List of papers 
 
The work towards project dissertation has resulted in the following papers:  
Paper I: Improved pulsed broadband ultrasonic spectroscopy for analysis of 
liquid-particle flow, Wrobel BM, Time RW. Journal of Applied Acoustics 72 (6) 
2011, p. 324-335, ELSEVIER http://dx.doi.org/10.1016/j.apacoust.2010.11.013 
Paper II: Ultrasonic measurement and characterization of a low concentration 
system of solid particles in liquid, in high shear flow, Wrobel BM, Time RW. Journal 
of Applied Acoustics 73 (2) 2012, p. 117-131, ELSEVIER 
http://dx.doi.org/10.1016/j.apacoust.2011.07.006 
Paper III: PIV Visualization of Acoustic Streaming in Non-Newtonian Fluid, 
Rabenjafimanantsoa HA, Wrobel BM, and Time RW, Annual Transactions of the 
Nordic Rheology Soc. Vol.17, 2009. Presented at the 18
th
 Nordic Rheology 
Conference in Reykjavik, Island, 2009. 
 
1.4 Structure of dissertation 
 
This dissertation contains the following parts: 
 Overview of available ultrasound methods for characterization of liquid-
particle system and fluid flow; 
 Discussion of basic elements forming the foundation for development of the 
ultrasound methodology for measurement of liquid-particle flow; 
 Introduction into acoustic, physical and fluid dynamic theories relevant for 
the problems listed in the papers; 
 Discussion of the most important results from the papers I, II and III; 
 Discussion of results from the complementary feasibility studies, which have 
not been included in the papers:  
- flow speed measurement of particle suspension using ultrasonic Transit 
Time Difference (TTD) method and its verification using Particle Image 
Velocimetry (PIV) method,  
Introduction 
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- cross-correlation (CCF) of ultrasonic signals, backscattered from solid 
particles, for flow speed determination,  
- numerical calculation of acoustic field in liquid and suspension using 
Comsol Multiphysics software,  
- design of a small scale rotational flow cell, testing of various flow regimes 
in the cell and description of flow of particle suspension in the cell; 
 List of main achievements; 
 Conclusions and recommendations for future research; 
Choice of ultrasonic technique for control of flow parameters 
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2 Development of ultrasonic methodology for 
characterization of liquid-particle flow 
 
2.1 Choice of ultrasonic technique for control of flow 
parameters  
 
An initial evaluation of ultrasonic measurement techniques, their applications 
and relevant measurement systems have been studied for control of flow parameters. 
Problems have been chosen based on their connection to the stated problem of 
simultaneous measurement of concentration and flow speed of liquid-particle mixture 
and characterization of flow dynamics parameters. Based on the collected 
information, a decision will be made on how to proceed with the experimental part of 
the project (for building ultrasonic methodology) and what problems shall be given 
focus at the initial stage. An overview of problems and measurement techniques is 
comprised in Tables 1-4. 
 
Table 1 Problems for ultrasonic measurement of liquid-particle system 
No. Problem Measured 
parameter 
Ultrasonic 
measurement 
system / 
procedure 
Ultrasonic 
techniques, 
signal 
processing 
techniques 
Compatibility 
with other 
techniques 
1 Particle 
concentration / 
particle size 
(Kobayashi, 
2006). 
Amplitude 
(sound 
attenuation) 
and frequency 
content of 
backscattered 
ultrasound 
waves  
 
One transducer 
for Pulse-Echo 
mode. 
 
Send a 
continuous sine 
wave to a 
system and 
measure 
frequency 
response and 
attenuation of 
reflected 
signal. 
 
Ultrasound 
Attenuation 
Spectroscopy 
(frequency 
domain). 
 
Pulse-Echo 
technique. 
 
Fast Fourier 
Transform 
(FFT) for 
frequency 
spectrum 
analysis. 
High speed 
video and 
laser 
techniques. 
 
Comsol 
Multiphysics. 
2 Particle 
concentration / 
particle size / 
particle size 
distribution 
(Beckmann, 
2006). 
 
Comment: 
Idea for initial 
Signal time 
delay and 
amplitude are 
measured (in 
both PE and 
TT). 
 
Frequency 
spectrum of 
reflected signal 
One transducer 
for Pulse-Echo 
technique; 
 
One emitter, 
one-two 
receivers for 
Thru-
Transmission 
technique.  
Ultrasonic  
Time-Domain 
Spectroscopy 
(TDS).  
 
 
High speed 
video and 
laser 
techniques. 
 
Comsol 
Multiphysics. 
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experiment 
using TT mode. 
 
 
 
 
is dependent on 
concentration 
of particles and 
on frequency of 
incident sound 
beam. 
Attenuation is 
dependent on 
concentration 
and wave 
frequency. 
 
 
 
Consider 
moving 
transducer. 
 
Use sine waves 
of different 
PRF for testing 
(there is 
possibility of 
designing own 
wave). 
Additionally, 
use a sharp 
broadband 
pulse. 
3 Liquid 
concentration 
and density 
(slurry systems)  
Measurement 
of sound speed 
of a mixture.  
 
 
Limitation: 
Applies to 
homogenous 
mixtures only. 
Correlation of 
sound 
velocity 
and/or 
attenuation. 
 
Through-
Transmission 
technique. 
 
4 Spatial 
displacement of 
an object,  
size of particles 
in fluid (Bristol 
General 
Hospital, 1999; 
PatentStorm, 
2004).  
Acoustic 
speckle signal 
analysis. 
 
 
 Speckle 
pattern 
correlation 
methods.  
 
Ultrasonic 
imaging. 
 
5 Location Measurement 
of time delay 
between 
transmitted and 
reflected 
signal.  
One ultrasonic 
transducer. 
Pulse-Echo 
technique. 
 
6 Velocity profile 
(Ozaki, 2002; 
Birkofer, 2007). 
Measurement 
of velocity 
profile based 
on study of 
frequency of 
the signal 
reflected from 
inhomogeneous 
portions of the 
flow. 
 Doppler UVP 
ultrasonic 
meters 
 
Pulse-Echo 
technique 
(also possible 
transmission 
technique). 
 
Cross-
High speed 
video and 
laser 
techniques. 
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correlation 
techniques. 
 
7 Velocity profile 
(Kobayashi, 
2006). 
 
Applicable for 
measuring 
solids 
distribution 
profile in a 
dispersed solid-
liquid flow. For 
example a 
linear 
transducer 
array emits a 
plane wave into 
a slurry system 
and then the 
same 
transducer 
array records 
backscattered 
waves caused 
by a cloud of 
particles.  
Linear 
transducer 
array. 
 
Single 
transducer is 
possible. 
 
Transducer is 
mounted 
perpendicularly 
to the flow. 
Ultrasonic 
speckle 
correlation 
velocimetry 
(USV).  
High speed 
video and 
laser 
techniques. 
8 Flow velocity 
(Endress+Haus
er, 2006) 
Average 
velocity 
measurement 
from time 
delay: 
c’= u + c 
c’’= -u +c 
 
where:  
c - sound 
speed, 
u – the average 
flow speed 
Loop with 
horizontal 
section. Two 
transducers 
transmitting 
and receiving 
signals at the 
same time, 
located at two 
opposite sides 
of horizontal 
pipe section. 
Transit Time 
Difference 
(TTD) 
ultrasonic 
method. 
 
Pulse-Echo 
technique.  
High speed 
video and 
laser 
techniques. 
 
9 Flow velocity 
(Time, 1993) 
Analysis of 
small portions 
of signal 
searching for 
time delay of 
characteristic 
signal features.  
 
Average 
velocity 
determination 
from: 
      
 
 
 
        
 
 
      
Cross-
correlation of 
ultrasonic 
signal 
backscattered 
from particles 
using the 
CCF function. 
 
Pulse-Echo 
technique. 
High speed 
video and 
laser 
techniques. 
 
10 Shape of a 
component, 
reflectivity of 
Determination 
of: 
- Shape of 
Possibility of 
designing own 
pulse using a 
Time domain 
spectroscopy. 
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surface and 
location 
determination 
based on 
example of 
automated 
scanning of a 
solid body with 
carvings 
(Beckmann, 
2006). 
 
 
 
surface and 
position of 
object by time 
delay 
measurement 
with D-scan, 
- Reflectivity 
of surface by 
amplitude 
magnitude 
measurement 
with C-scan. 
 
programmable 
signal 
generator 
(design short 
ultrasonic 
pulses).  
 
Air-coupled 
ultrasound was 
used, but 
transducers 
must contain 
composite 
material for 
matching of 
acoustical 
impedance (see 
Ultran 
Laboratories, 
Inc). 
Ultrasonic 
Imaging 
(Pulse-Echo 
and 
Transmission) 
/Automated 
Scanning. 
 
Phase array 
transducers or 
moving 
transducer. 
 
Pulse 
compression 
with cross-
correlation 
technique for 
improvement 
image quality. 
11 Particle sizing 
by Rayleigh 
waves/surface 
waves 
(Maharidge, 
1985). 
 
Sound 
amplitude 
measurement 
of 
backscattered 
pulses 
(Rayleigh 
scattering) for 
calculating of 
the size 
distribution of 
suspended 
particles in 
fluid.  
 
Low 
concentration 
of 2-10μm size 
particles in 
water. 
Horizontal 
flow loop. 
 
One ultrasonic 
transducer. 
 
 
 
Rayleigh 
backscattering 
of ultrasonic 
waves.  
 
Pulse-Echo 
technique. 
 
12 Inspection of 
certain 
geometries 
(NDT Database 
& Journal). 
 
Interrogating 
large areas of 
the material 
without 
extensive 
transducer 
scanning 
(perhaps from 
single 
location).  
 
Utilization of 
relatively broad 
bandwidth 
transducers is 
required.  
Piezocomposite 
transducer 
design.  
 
Limitations:  
- Not practical 
Guided Wave 
Inspection. 
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Appropriate 
mode must be 
selected for 
testing. 
for materials 
thicker than 
0.25” (0.6 cm), 
-Requires a 
basic 
understanding 
of the flaw 
geometry.  
 
Table 2 Categories of ultrasonic measurements and their applications (from Ultran 
Laboratories, Inc). 
Measurement 
category 
Measured parameters Applications 
Time Domain  Times-of-Flight and Velocities of 
Longitudinal, Shear, and Surface 
Waves  
Density, Thickness, Defect Detection, 
Elastic and Mechanical Properties, 
Interface Analysis, Anisotropy, 
Proximity & Dimensional Analysis, 
Robotics, Remote Sensing, etc.  
Attenuation 
Domain  
Fluctuations in Reflected and 
Transmitted Signals at a Given 
Frequency and Beam Size  
Defect Characterization, Surface and 
Internal Microstructure, Interface 
Analysis, etc.  
Frequency 
Domain  
Frequency-Dependence of 
Ultrasound Attenuation, or 
Ultrasonic Spectroscopy  
Microstructure, Grain Size, Grain 
Boundary Relationships, Porosity, 
Surface Characterization, Phase 
Analysis, etc.  
Image Domain  Time-of-Flight, Velocity, and 
Attenuation Mapping as 
Functions of Discrete Point 
Analysis by Raster C-Scanning or 
by Synthetic Aperture Techniques  
Surface and Internal Imaging of 
Defects, Microstructure, Density, 
Velocity, Mechanical Properties, True 
2-D and 3-D Imaging.  
 
Table 3 Types of ultrasonic transducers (from NDT Resource Center). 
Type of transducer Description 
Flat transducer The most commonly used transducer with evenly distributed 
acoustic energy along the beam path (in the far field area). 
Focused transducer 
(spherically, 
cylindrically)  
A focused transducer can improve the sensitivity and axial 
resolution by concentrating the sound energy to a smaller area. 
Used for microscanning, for examination of the smallest 
structures. Two- or three-dimensional display with special 
resolution in the range 10-100 μm (this means that operating 
frequency is 100 MHz and higher). It is like acoustic microscope. 
Transducer has a designed focal volume. It requires long scanning 
times. 
Transducer array 
 
A phased array system uses electronic scanning along the 
length of a linear array probe to create a cross-sectional 
profile without moving the transducer. 
Transducer types: linear (plane wave with rectangular shape), 
angular (plane wave with triangle shape, direction of movement: 
from -30 to 30o), annular, circular, convex, concave, or more 
complex shape. 
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Shape of waveform front is dependent on different available scan 
patterns. 
Two-dimensional transducer arrays are used for one-, two- and 
three-dimensional medical diagnostic ultrasonic imaging. 
Multi-frequency  
transducer 
Transducers working on two or more frequencies at the same 
time.  
 
Table 4 Types of ultrasonic transducer couplings. 
Type of transducer 
coupling 
Purpose Comments 
Contact Direct contact 
inspections. 
Use gel to exclude air, which will 
ensure proper transducer coupling to 
the tested material.  
Non-contact (air coupled) Inspections of systems 
where transducer 
coupling is not 
possible. 
Impedance matching needs to be 
considered. 
 
Analysis of capabilities and complexity of various ultrasonic techniques, as well 
as taking into consideration price and availability of resources in the Multiphase Flow 
and Instrumentation laboratory at the University of Stavanger, resulted in decision of 
studying the Ultrasonic Time Domain Spectroscopy technique for measurement of 
average particle concentration (problem no. 2 in Table 1), using the Through-
Transmission method. 
There is a large potential for detection of particle concentration and particle size 
by using this technique. A goal will be measurement of different particle 
concentrations. A transmitted signal will be analysed with respect to time delay and 
amplitude. Ultrasonic direct contact transducers of flat surfaces will be used. Different 
wave shapes (sine, pulse, sweeps, square, triangle waves, etc.) will be studied. An 
additional advantage of the chosen method is possibility to study the problem 
numerically, using for example the Acoustic Module in Comsol Multiphysics software 
(finite element based). Amount of ultrasound energy can be calculated for various 
liquid-particle cases, for example using different shapes and frequencies of the 
incident waves, as well as different particle concentrations and distributions. 
Note: time domain spectroscopy measurements could also be performed using 
Pulse-Echo technique in order to analyse frequency content of reflected signal from 
liquid-particle mixture (problem no. 1 in Table 1). It is suspected, that this method 
combined with amplification of chosen portions of the reflected signal may bring 
promising results for measurement of concentration distribution. However, 
unfortunately the available experimental setup allows for Pulse-Echo (PE) 
measurement only with default spike pulse and in order to use different waveforms 
for testing, another signal generator needs to be acquired. 
For determination of average flow speed, two methods will be considered: cross-
correlation of backscattered signals and the Transit Time Difference ultrasonic 
method (problems no. 8 and 9 in Table 1). 
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2.2 Basic elements of Improved Pulsed Broadband 
Ultrasonic Spectroscopy for analysis of liquid-
particle flow 
 
The motivation of the work has been to elaborate methodology that will have 
potential for an on-line measurement of liquid-particle flow systems, by means of 
Ultrasonic Time-Domain Attenuation Spectroscopy. 
 
2.2.1 Initial selection of ultrasonic transducer 
 
In order to select the most optimal transducer for testing - sensitive and of high 
pulse energy - three ultrasonic transducers from Panametrics of natural frequency 
2.25 MHz, 5 MHz and 20 MHz and corresponding sizes 0.5”, 0.25” and 0.125” have 
been tested. Used transducers have flat surfaces and are designed for contact 
inspection. Figs. 1a-c present 500 Hz pulse repetition frequency (PRF) spike signals 
reflected from a plastic wall, acquired in the Pulse-Echo mode.  
The following observations and conclusions have been made:  
 Attenuation of signal is greater for 20 MHz transducer than for lower 
frequency transducers (2.25 MHz, 5 MHz), therefore it is better to use the 
latter ones, if amplitude needs to be analysed;  
 Low frequency transducers 2.25 MHz and 5 MHz are more sensitive in terms 
of signal frequency than high frequency transducer 20 MHz, but they 
produce less stable signal than the latter one; 
 5 MHz transducer performance seems to be the most optimal and it will be 
used for testing of liquid-particle flow; 
Other premises regarding selection of ultrasonic transducer are the following: 
 Use two transducers of the same frequency for  testing in the Through-
Transmission mode; 
 In order to detect particles of small size, use a transducer of natural 
frequency providing short enough wavelength (       and       ) 
comparing to particle size (minimum particle size:      );  
 Transducer size needs to be not too large comparing to size of particles; 
Note: Further tests using different pulse shapes of various PRF’s will confirm 
that the 5 MHz transducer performance is very good for the testing purpose. 
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Fig. 1 Echo from plastic wall measured with a) 20MHz, b) 5MHz and c) 2.25 MHz transducers, 
using 500 Hz spike pulse. 
 
2.2.2 Experimental setup for ultrasonic testing of liquid-
particle flow 
 
Three types of mixing systems have been used during the project work. First, a 
simple square cell of size 10x10x9 cm has been used together with a magnetic stirrer 
placed on the cell’s bottom (Fig.2). Stirrer linear velocities in water were low 0.22-
0.34 m/s and corresponding Reynolds numbers were 18 000 - 28 000. Flow was fairly 
homogenous along the ultrasonic path. This setup was used in Paper I for ultrasonic 
measurement of particle concentration. Components of ultrasound instrumentation are 
also presented in the same figure:  
 Agilent 33220A 20 MHz Function/Arbitrary Waveform Generator, which 
generates an electronic wave, 
 Two standard contact 5 MH ultrasonic transducers of size 0.25” from 
Panametrics, which generate mechanical ultrasonic wave and receive it from 
the system, 
 DC source powering pre-amplifier, 
 Ultrasonic pre-amplifier improving signal to noise ratios, SNR, 
 PC unit with installed NI PXI/PCI-5124, 12-Bit, 200 MS/s Data Acquisition 
Card  for digital signal acquisition, 
 LabView program displaying signal on PC screen and saving it into a file 
containing time and amplitude numerical data. 
Study of concentrated liquid-particle flow in high shear and full turbulence, 
which was conducted in Paper II, was performed using a system containing a high-
shear Silverson mixer (Fig.3). Mixer velocities were ranging from 1.56 to 1.98 m/s 
and mixer Reynolds numbers were 39 600 – 50 500. The flow straightener placed 
outside of mixer propeller, provided extra turbulence into the flow. 
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Fig. 2 Ultrasonic experimental setup for study of particle concentration. 
 
 
Fig. 3 Cell with high-shear mixer for ultrasonic study of concentrated liquid-particle flow. 
 
A rotational small-scale test cell (10 cm channel width, 9 cm channel height and 
157 cm mid-circumference) is presented in Fig. 4. It has been designed for more 
advanced study of liquid and liquid-particle flows. Detailed design can be found in 
section 3.3. Rotor velocities range from 0.01 to 3.5 m/s with corresponding rotor 
Reynolds numbers 450 - 175 500. A rotating cover of the cell drags the fluid around 
the annular flow channel, thus it creates the simple Couette flow of constant shear rate 
from top to bottom of the channel. The cell offers various flow pattern possibilities, 
including particle suspensions along the cell height, particle bed and dunes forming 
on the cell bottom. Formation of such flow structures depend on properties of flowing 
media and flow velocities. Parameters possible for measurement are for example: 
liquid and particle velocities, particle concentration, bed height, flow trajectories and 
rheological parameters of fluid. Velocity distribution along the cell height (axial 
velocity profile) and concentration distribution across the channel can be measured. It 
is possible to perform velocity measurement using the ultrasonic Transit Time 
Difference (TTD) method and concentration measurement using the ultrasonic Time-
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Domain Spectroscopy (TDS) method. The bed height can be measured using 
ultrasonic Pulse-Echo (PE) technique. In addition, the Particle Image Velocimetry 
(PIV) method with help of a laser and a high-speed camera can be used for validation 
of velocity distribution. The cell was used in the feasibility study of ultrasonic TTD 
flow velocity measurement, as described in section 3.4. 
 
Fig. 4 Small scale rotational test cell for ultrasonic and PIV study of liquid-particle flow. 
 
2.2.3 Method for verification of time-dependent signal 
 
In case when an acquired signal needs to be verified, a good way of checking it 
is to split the measured signal and observe/compare it on both a PC screen and an 
oscilloscope (as it is shown in Fig. 5). Acquisition parameters can be adjusted in a 
LabView program, based on oscilloscope settings, due its possibility of continuous 
real-time signal display. 
This method is very useful when searching for a time-dependent signal coming 
at initially unknown time. 
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Fig. 5 Verification of time-dependent signal on a PC screen using an oscilloscope. 
 
2.2.4 Wave design and acquisition 
 
Quality of the input wave used for testing is important in terms of information 
carried in the signal. High quality of wave is vital for high accuracy testing. However, 
not only the wave design, but also proper wave acquisition is important in order to 
obtain clear and readable frequency spectrum of the signal. 
 
Wave design methods 
The Signal Generator can output various wave shapes of adjustable wave 
parameters (PRF, voltage, etc.). However, the quality of wave (the wave resolution) is 
default. Due to this fact, different methods of external wave design have been studied. 
Such studies allow answering question what is the influence of the wave resolution on 
quality of produced frequency spectrum.  
An experimental setup consisted of the Waveform Generator, the DAQ card, the 
Labview program, and software for waveform design and control of the generator 
(IntuiLink Waveform Editor and Visual Basic). 
A digital wave can be designed in various ways. The easiest way is to change 
wave parameters directly in the Waveform Generator, however the maximum pulse 
repetition frequency is limited to 20 MHz and number of points per wave cycle is 
fixed (which prevents controlled acquisition of data points). An alternative is to use 
software (which is compatible with the generator) to design a wave. While IntuiLink 
Editor allows for setting any number of points per waveform, only some wave shapes 
are available. Macros written by user in Visual Basic allow for design of any wave 
shape with any number of points, therefore this method for wave was concluded to be 
the most beneficial.  There is a limit for applying both for IntuiLink and Visual Basic, 
which is the maximum repetition frequency of 6 MHz. However, one can design a 
wave containing many cycles and therefore obtain higher repetition frequency within 
one waveform of 6 MHz PRF. 
There are two available modes in Visual Basic: ASCII Arb and BINARY Arb. 
Wave designed in the BINARY Arb mode is sent much faster to the Waveform 
Generator than in case of the ASCII Arb mode. Each point of a wave can be either 
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calculated using a wave equation or via assignation of single value to it. All points are 
gathered into an array, which is transferred to the Wave generator for outputting of a 
designed wave. 
 
Table 5 Limiting conditions for wave design and acquisition   
Hardware Software Operating range 
Wave generator 
Visual Basic, ARB 
mode for wave 
design 
PRF: 1 μHz – 6 MHz 
Amplitude: 10 Vp-p for Binary Arb mode/ 5Vp-
p for ASCII Arb mode 
Data acquisition 
card 
LabView for data 
acqusition 
Maximum acquisition sampling frequency of the 
card: 200 MS/s 
 
Example of design of continuous sine wave 
Method for design of wave consisting several cycles for wave frequency higher 
than the wave repetition frequency (f int > f output) is the following: 
No of cycles = 10 
No of points per cycle = 20 
No of points per wave = No of points per cycle * No of cycles = 200 
Amplitude = 10 V pp (peak to peak) 
Wave frequency, f wave = 1 MHz 
Repetition frequency (output wave frequency), f rep = Wave freq / No of cycles = 100 kHz 
Dt per wave = Waveform period = 1/ f rep = 1∙10-5 s  
Dt per point = Dt per wave / No of points per wave = 5∙10-8 s 
Sampling frequency = 1 / Dt per point = No of points per wave * f rep =20 MS/s 
Required sampling frequency = 2 * Sampling frequency = 40 MS/s 
 
Wave acquisition principles for successful wave conversion by the FFT  
Basic rules for signal acquisition in terms of correctly calculated signal frequency 
by the FFT algorithm have been established below: 
Accuracy of wave frequency calculated by the FFT depends on: 
 Acquired full wave cycle (in case of an incomplete wave cycle the accuracy 
is low);  
 Number of points per cycle (the wave resolution) - the greater wave 
resolution, the better accuracy of calculated frequency; 
 Number of cycles per wave - generally, the higher number of cycles, the 
better accuracy of calculated wave frequency.  
Accuracy of wave frequency calculated by the FFT does not depend on: 
 Amplitude of wave;   
Amplitude of frequency peak depends on: 
 Number points per cycle; for increasing wave resolution, amplitude of 
frequency peak increases (this dependency has linear character); 
 Number of cycles per wave - theoretically it does not influence amplitude of 
frequency peak, which has been confirmed by a simulation result from 
Matlab, however in practical applications it is recommended to acquire at 
least a few wave cycles to provide better statistics for averaging; 
 Amplitude of a wave; amplitude of frequency peak depends on the wave 
amplitude (this dependency has exponential character); 
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Acquire a wave with sampling rate that is at least double of that from the wave 
resolution (see, the Nyquist’s Sampling Theorem below). 
 
The Nyquist’s Sampling Theorem 
For lossless digitization, a sampling rate should be at least twice maximum 
frequency response. In principle, this should allow for acquisition of all wave points 
without losing them.  
As a rule of thumb - the higher sampling rate, the better. 
 
Sampling rate from the 200 MS/s DAQ card 
In order to obtain high quality of short ultrasonic pulses (PRF within MHz 
range) containing satisfying amount of points per cycle (at least ~100), a data 
acquisition card of high sampling rate needs to be used. 200 MS/s DAQ card provides 
resolution of 5·10
-9
 s, which is high enough for the testing purposes. 
 
 
Fig. 6 Sine waves of a) sufficient (100 points per cycle) and b) poor resolution (10 points per 
cycle). The designed wave frequency is 1 MHz, while the calculated wave frequencies by the 
FFT are 0.998 MHz (for case a) and 0.98 MHz (for case b), correspondingly. 
 
 
Fig. 7 Signal generator response for the sine wave designed with insufficient number of points 
(6) per cycle. Sampling rate (100 MS/s) is much higher than actually required (12 MS/s). 
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Triggering 
The signal generator in addition to continuous output of wave used for testing, 
sends out also a synchronizing square pulse into the DAQ card with a message to start 
acquisition. Triggering can start for example, when voltage change occurs; see the left 
side of Fig. 8. It is best to acquire a waveform within only one triggering interval (the 
repetition frequency) and repeat the acquisition number of times for multiple 
measurements. This is due to possible wave continuity problems at the time of 
triggering, as it can be seen in Fig. 9. 
 
 
Fig. 8 Left: Triggering of a signal with a synchronizing square wave. Right: Acquired 
triggering signal containing spikes. 
 
 
Fig. 9 Influence of triggering on signal quality – triggering point is after ten full sine wave 
cycles. 
 
2.2.5 Instrumentation testing 
 
Testing of the Agilent Signal Generator 
A test of the signal generator was performed in order to determine quality of 
driving signals. For this purpose sine waves of frequencies from 100 kHz to 20 MHz 
and amplitude 5 V were used. Acquisition sampling rate was 200 MS/s, for all tested 
waves. Deviation from specified amplitude occurred at 15 and 20 MHz waves, but 
there was no deviation for other waves 100 kHz – 10 MHz. This may be associated 
with reaching upper frequency limit of the waveform generator, corresponding to a 
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smaller number of points per generated wave cycle. An illustrating example would be 
that for example there are 100 points per wave cycle at 100 kHz, but this number is 
reduced to only 14 points per cycle at 20 MHz in order to retain the same sampling 
rate. Otherwise, 100 kHz – 10 MHz waves are smooth and voltage is constant over 
the whole time range. 
The conclusion from the test is that high quality waves up to 15 MHz PRF can 
be obtained using the Signal Generator and the 5 MHz ultrasonic transducer. 
 
Testing of the DAQ logging card 
The logging card was tested in order to determine the sensitivity and linearity for 
DC levels. A high quality DC source was directly connected to the card and signal 
was acquired on the PC. Acquired signal consisted of 20 000 points and the sampling 
rate was 200 MS/s.  Tested voltage ranges were 0.03 – 1 V and 1 - 7 V. Measured 
mean voltages versus reference voltage were acquired. Residual voltage varied from 
0.003 to 0.04 V. Calculated standard deviation of recorded continuous voltage was 
very small 3∙10-12 - 4.4∙10-3 V. The upper logging card limit was found to be 5.65 V.  
The conclusion from the test is that the data acquisition card showed good 
sensitivity associated with its 12 bit ADC and very good linearity tested with DC 
voltages. 
 
Testing of the 5 MHz ultrasonic transducer 
1) Test using single frequency sine waves 
Test of the 5 MHz ultrasonic transducer was performed, in order to determine its 
bandwidth. In this test, the transducer was driven by sine waves of amplitudes 2.5 V 
and PRF rates ranging from 100 kHz to 20 MHz. The Waveform Generator and the 
square test cell filled with water were used. Test was performed in the TT mode with 
sampling rate of 200 MS/s.  Amplitudes of the output waves were founded to be 
dependent on the PRF. Result of the full transducer “scanning” is shown in Fig. 10. 
Maximum acoustic power out of the transducer is close to its resonance frequency. 
Signal amplitudes larger than 0.2 V have been obtained for frequencies from 500 kHz 
to 10 MHz, which is related to the transducer frequency useful for testing. However, 
the response curve deviates from what is expected for an ultrasonic transducer, due 
considerable scattering of data points.  
The effect of scattering of points has been investigated in a detail in repeated tests 
(see, the inserts in the figure). It turned out that the cell’s walls reflected the waves 
back and forth, causing internal resonances ("the ringing"). When a PRF was varied 
in small steps, the interference conditions were repeating approximately every 8 kHz 
for the wall-wall reflections (for this specific setup). Dimension of a cell and wave 
speed in fluid will influence frequency of the wave interference. Interference of this 
kind needs to be accounted for in practical applications. The wave interference effect 
is discussed in more detail in section 2.2.6 and in Paper I. 
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Fig. 10 The frequency response of 5 MHz transducer based on scan with sine waves within the 
range 100 kHz to 20 MHz and fixed amplitude 2.5V. Inserts show magnified views, illustrating 
resonance interference in the test box.  
 
2) Test using several sine sweeps 
In order to verify the test “1”, in which single frequency sine waves were used, 
series of sine sweeps from 500 kHz to 20 MHz have been used this time: 500 kHz – 
20 MHz, 1 MHz – 20 MHz, 1.5 MHz - 20 MHz, ...., 19 - 20 MHz. Such frequency 
division is dictated by limited amount of points for signal acquisition, due to limited 
computer memory and long acquisition time. Measurement was performed using the 
square box filled with water (at static conditions) and two 5 MHz ultrasonic 
transducers set up in TT mode. “Only” first 3 mln points of signal could be acquired 
simultaneously (each preceding sweep serie overlaps with the next one). The result is 
in shown Fig. 11. It can be observed that a shape of the frequency spectrum is similar 
to the one in Fig. 10. Noise starts around 12 MHz, where amplitude is smaller than 
~0.0008 V. As it can be seen in Fig.  12, even the sweep 19 MHz - 19.15 MHz is 
detected, however its amplitude is buried in the noise level.  
Obtained results confirm the results from test “1” and indicate on the final useful 
frequency range for the 5 MHz ultrasonic transducer, which is from 500 kHz to 12 
MHz. 
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Fig. 11 Spectral amplitudes of sine sweeps series ranging from 500 kHz to 14 MHz, obtained in 
TT test for static water using 5 MHz ultrasonic transducers. 
 
 
Fig. 12 Sine sweep 19 MHz- 19.15 MHz buried in the signal noise level. 
 
2.2.6 Wave interference 
 
 The interference effect in the box filled with water was tested, by using two 
types of waves: 500 kHz-20 MHz linear sine sweep of 2 ms duration (Fig. 13a) and 
10 kHz square wave of 0.1 ms duration (Fig. 14a). Measurement was performed in the 
TT mode. Clear wave interference effect is shown in corresponding frequency spectra 
(Fig. 13b and Fig. 14b). This effect is represented by waviness of sound amplitude 
plotted versus frequency.  
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Fig. 13 a) Two cycles of linear sine sweep 500 kHz-20 MHz of 2 ms duration obtained in 
ultrasonic TT test for box filled with water b) Frequency spectrum influenced by the wave 
interference effect. 
 
 
Fig. 14 a) Three cycles of 10 kHz square wave of 0.1 ms duration obtained in ultrasonic TT test 
on box filled with water b) Frequency spectrum influenced by the wave interference effect. 
 
Mechanism of the wave interference is based on superposition of the reflected 
waves from walls with the direct wave. The condition for the constructive 
interference is that after an certain number of wavelengths the direct wave and 
reflected wave (after travelling through distance L) are in phase: Ln  2 . The 
wave frequency and wavelength are related through: cf  .
 
Example: Based on test data (Fig. 10, insert on the bottom), increasing frequency from 5.2e5 
to 5.27e5 Hz brings the amplitude back to the same level. How does it fit with the wave 
interference theory? Calculate the number of wavelengths (n1) to pass the distance 2·L.  
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Given: 
L = 0.1 m  
f1 = 5.2e5 Hz 
c_water = 1500 m/s 
λ1 = c_water/f1=2.88e-3 m 
n1 = 2·L/ λ1=69.33 (no. of 
wavelengths within L)
 
Result: 
n2 = n1+1 = 70.33(next 
number of wavelengths) 
n2 ·λ2=2·L  
λ2 = 2·L/n2 = 2.84e-3 m 
f2 = c_water/ λ2 
f2=5.275e5 Hz
 
 
Fig. 15 Sketch of a mechanism of 
generation of the wave interference.
  
Note: One full wavelength is required for wave amplitude amplification (n2 = n1+1). 
 
2.2.7 Square wave as a novel broadband pulse 
 
A square wave is built from many sine functions and it contents naturally a lot of 
frequencies: the fundamental frequency and its harmonics. There are two square wave 
equations available - based on the sine function (2.1) and the signum function (2.2): 
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Fig.16 Square wave built from three sine waves. 
 
 
Square waves are mathematically equivalent to the sum of a sine wave at that 
same frequency, plus an infinite series of odd-multiple frequency sine waves at 
diminishing amplitude. Frequency of each sine wave can be found by processing of a 
signal by the Fast Fourier Transform. Harmonics have an amplitude 1/n relative to 
that of the fundamental frequency. 
A square wave is a novel broadband pulse shape investigated for the purpose of 
testing of liquid-particle flow. There are a few advantages of using square wave in 
ultrasonic spectroscopy over other types of broadband pulses, which have been 
traditionally used for testing (ISO - Ultrasonic Attenuation Spectroscopy, 2006): 
 Very short time of pulse duration (all sine cycles are within one square cycle). 
Other type of pulses, such as linear sine sweeps and bursts (ISO - Ultrasonic 
Attenuation Spectroscopy, 2006), last for much longer time. It is shown in 
Figs. 13- 14a that one cycle of square wave lasts 0.1 ms and of linear sweep 2 
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ms. Fast measurement is essential in case of quickly changing dynamic flow 
systems; 
 A square pulse is significantly better suited for the wave energy conversion by 
the ultrasonic transducer (without noticeable signal loss), than a spike pulse 
(alternative broadband pulse of short duration). It actually provides twice 
higher spectral energy than a spike pulse - see Fig. 17. This is due to electro-
mechanical inertia causing damped transducer output response in case of short 
duration (50 ns) spike pulse, comparing to longer duration square pulse (0.1 
ms), see Fig.18.  
 
 
Fig.17 Comparison of frequency spectra for 0.25 %wt water-glass particle suspension, using 10 
kHz square and spike pulses to drive 5 MHz ultrasonic transducer. 
 
Fig.18 One cycle of spike (a) and square (b) pulses of 10 kHz pulse repetition frequency, 
acquired directly from the signal generator. A result of the ultrasonic spectroscopy Through-
Transmission test for water acquired with 5 MHz transducer using spike (c) and square pulses 
(d). 
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2.2.8 Fast Fourier Transform 
 
The Fast Fourier Transform (FFT) is a method of converting time-domain 
signal into frequency domain. The frequency spectrum can be generated via the FFT 
of the signal and the resulting values are amplitude and phase, both plotted versus 
frequency.  
The Fourier transform G() is a continuous function of frequency with real and 
imaginary parts, which correspond to amplitude and phase of wave respectively: 
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According to the Euler’s formula:
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The wave frequency  is related to the wave period T and number of cycles n 
by: 
T
n
f  22 
 
NOTE: The FFT algorithm in Matlab does not offer possibility of getting 
amplitude in absolute values. This problem can be solved by using the custom 
function positiveFFT.  
 
2.2.9 Numerical simulation in Matlab 
 
Numerical simulations were performed in Matlab in order to visualize how 
ultrasonic signal might be affected after travelling through medium (Fig. 19a-c). In (a) 
the sine wave here, containing two 10 MHz and 40 MHz frequencies is treated as 
noise or medium response and in (b) the 20 MHz square wave is the incident 
ultrasonic wave. Sum of these two waves (c) represents the received signal after 
passing through the medium. Simulations show that medium/noise frequencies could 
in theory be easily detected on the background of harmonic frequencies of the 
incident square wave. However, as real experiments have shown, this mechanism 
does not apply. Amount of incoming and outcoming frequencies is constant and only 
peak amplitudes of fixed frequencies are really used for measurement. 
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Fig. 19 Matlab simulations: a) Sine wave containing two frequencies 10 and 40 MHz treated as 
noise or medium response and its frequency spectrum, b) 20 MHz square wave with spectrum 
treated as incident ultrasonic signal for testing, c) square wave affected by noise/medium and 
its spectrum. 
 
2.2.10 Square wave design aspects 
 
Study of different designs of square waves (shapes, various numbers of points in 
selected sections) has shown that the most optimal square wave design that will 
provide high spectral energy, assumes: 
 short rise/fall times (related to vertical square wave sections), 
 high number of points in rise/fall times parts. 
A number of sine waves in the sum (see, Eq. 2.1) influences length of the pulse 
rise/fall times. The higher this number is, the shorter rise/fall times will become, 
resulting in a high quality frequency spectrum. On the other hand, when vertical wave 
sections are well defined, i.e. by a large number of points, then sine waves “in the 
sum” will be well defined also, resulting in a high power spectrum. More details on 
square wave design aspects can be found in Paper I (see, section 6 and Fig. 12 in the 
paper). 
Amplitudes of even-multiple frequency harmonics in spectrum, which normally 
are much smaller than of harmonics at odd-multiple frequencies, can be increased by 
applying unsymmetrical square wave shape. This will result in increased resolution of 
the wave spectrum. 
 
2.2.11 Signal averaging techniques 
 
Noise of various types occurs frequently during acoustic measurements. For 
example, electronic noise in the radio frequency range (from MHz to GHz), flow 
induced noise, which is linked to dynamic nature of a process (kHz to several MHz) 
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and  noise due to variation of particle mass fraction along the acoustic beam affecting 
high frequency oscillations (1-100 MHz range). I order to improve signal quality and 
therefore ultrasonic spectroscopy method reliability, it is recommended to use signal 
averaging techniques. 
 
Ensemble average technique 
Ensemble averaging of signal is based on adding up of individual, sequential 
frequency spectra and then dividing by a total number of samples. Fig. 20 shows the 
result of averaging of simulated noisy square signals (a) and actually measured 
signals (b), based on input of 30 spectral samples. The time-domain signal consisted 
of 1 000 wave cycles and it was splitted into smaller time intervals of 20 cycles, with 
the FFT applied on these individual sets. Then, the final averaged spectrum was 
calculated using the ensemble averaging technique. Possibility of averaging of the 
time signals, instead of their spectra holds a risk of losing information in the time-
domain stage (a modified time-domain signal will result in a modified spectrum). 
Therefore, averaging of the “raw” spectral results is a better choice instead. 
Advantages of the ensemble average method: 
 Improvement of quality of signal spectrum - even the high frequency peaks, 
which normally are buried in instantaneous signals, can be detected above the 
noise level; 
 Suitable for raw spectral signals; 
Disadvantages of the ensemble average method: 
 Requires acquisition of multiple signal samples during test, which may be time 
consuming; 
 It is less precise method for averaging of time-domain signals, comparing to 
using running average technique; 
 Quality in challenging cases  (signals having high frequency noise) may not be 
satisfying, in terms of exposing high frequencies; 
 
Fig.20 a) Simulated frequency spectra of two signals: the instantaneous, noisy square signal and 
the averaged one based on 30 samples. Spectral peaks up to 17 MHz appear well above the 
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noise level in the averaged case; b) The same, as in a) but this time based on the measured 
signals. 
 
Running average technique 
Running average technique (also called the moving average), was used for 
averaging of signals with unacceptable amounts of random noise, see Fig. 21a. 
The method is to calculate one average point from narrow “averaging window”, 
consisting for example of 20 consecutive data points (comparing to input file size of 
up to 80 000 points). Then, another average point is calculated from the set of next 20 
consecutive points, etc. The repeating scheme is that 19 points will always overlap 
from previous set and 1 point is newly added. Averaging is based on running of 
several loops in the Matlab code. Averaging process at iteration step n+1 is based on 
averaged amplitude points calculated at previous step n, therefore the matrix size 
consisting of the averaged amplitude (and also time) points decreases, as number of 
iterations increases. Instantaneous standard deviations of the original and averaged 
signals are also calculated in order to have control over the averaging, Fig. 21b. 
Similarly, as in the cases of amplitude and time points, this calculation is based on 
sets of 20 consecutive points and is plotted in a graph as a function of time. 
Additionally, the final average standard deviation corresponding to all data points is 
given for orientation and control. The averaging procedure is repeated for certain 
number of iterations until the break condition is fulfilled, which is monotonicity of a 
selected part of the curve, i.e. a few (for example five) consecutive points gradually 
increase (for climbing curve) or decrease (for falling curve). Then, a defined number 
of extra iteration loops is performed for assurance of the curve smoothness. The break 
condition is also triggered, when a number of data points of an original input file is 
too low to perform averaging.  
Advantages of the running average method are: 
 Short testing time – only one sample is required for averaging; 
 Precise averaging of time-domain signals; 
Advantages of the running average method compared to the FFT based filtering 
are: 
 More “controlled averaging” -  adjustment of a desired noise level and 
therefore a better preservation of an original signal shape; 
 Avoidance of an unacceptable phase shift and distortion of an original time 
domain signal caused by the FFT filtering due to utilizing the cut-off 
frequency (when one wants to revert back the processed signal by the FFT 
from frequency domain to time domain, it will not be the same as an original 
time domain signal); 
Disadvantages of the running average method are: 
 Time consuming computing, in order to get precise results (related to narrow 
“averaging window”); 
 Loosing of front and end parts of an original signal due to averaging; 
 When iteration break condition is not set correctly, there is a possibility of 
overaveraging, leading to reduction of signal amplitude;  
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 Unsuitable for raw spectral signals (only applicable for time-domain 
signals); 
 
Fig. 21 a) Acquired original and averaged 100 kHz sine wave; b) Instantaneous and average 
standard deviation of the original and averaged signals. 
 
2.2.12 Signal post-processing and PC memory 
 
Signal post-processing operations, i.e. averaging, transforming,  selective 3D 
plotting, were quite PC memory demanding, due to dealing with large data sets 
(multiple sets of 60 000 points or larger). Therefore, programmes in Matlab were of 
an advanced level. They contained a number of variable matrices, memory clearing 
commands, “if” loops as stop conditions and “for”calculation loops. 
 
2.2.13 Conclusions  
 
 5 MHz ultrasonic transducer is suitable for testing of liquid-particle flow. It 
has good sensitivity and provides the output wave of high energy. It provides 
good quality of pulses within intermediate frequency range (500 Hz - 20 
MHz).  
 200 MHz DAQ card provides good resolution (5·10
-9
 s) needed for the 
application testing. 
 For studying of wave parameters (sampling rate, PRF, amplitude, various 
shapes, etc.), an incident wave can be designed by a user using software 
compatible with a waveform generator. This allows for defining sufficient 
quality of the incident wave. It is a flexible method for constructing a wave 
that has parameters outside default generator limits. 
 Triggering of signal is important in order to always acquire signal at the 
same, fixed point. Triggering may introduce minor noise in a signal, as the 
triggering pulse (square) is not perfect, i.e. contains spikes. This can be 
avoided by using high quality triggering waves, i.e. having high number of 
points per cycle. 
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 Elements of instrumentation contain their own measurement limits and 
demonstrate specific behaviour during testing; therefore they need to be 
tested individually, in order to find common, optimal parameters (like 
 voltage, PRF, sampling rate, etc.), which will ensure good accuracy of 
testing. 
 Wave interference effect (which can be seen as signal “waviness”) needs to 
be taken into consideration in practical applications. 
 A square wave provides a broadband frequency spectrum (practically 1 MHz 
square wave can provide spectrum up to 100 MHz when not damped by a 
medium) and can be used for testing using ultrasonic time-domain 
spectroscopy technique. It is better suited for energy conversion by the 
ultrasonic transducer, than for example other broadband pulse - spike pulse. 
It has also an advantage of being short, comparing to sweeps and bursts, 
which is essential for fast testing of dynamic systems. 
 A square wave of short rise/fall times and of high amount of points will 
produce high quality of spectrum. 
 Signal acquisition needs to be planned, in order to process a noisy signal 
using averaging techniques. Running average and ensemble average 
techniques are useful for applying on ultrasonic signals for noise removal. 
 Matlab simulation has illustrated possible mechanism of ultrasonic testing of 
a medium using a square wave. The mechanism is related to detection of 
extra frequencies produced by medium, on the background of the incident 
square wave frequencies. However, as practical testing has shown such 
mechanism does not apply, because the amount of incoming and outcoming 
frequencies is constant and only peak amplitudes at fixed wave frequencies 
are essential for testing. 
 Post-processing of ultrasonic data requires writing Matlab programmes of an 
advanced level, which include memory clearing commands, variable 
matrices, stop conditions and calculation loops. 
 
2.3 Feasibility testing of broadband ultrasonic 
spectroscopy  
 
2.3.1 Challenges 
 
 Find sensitivity of the ultrasonic broadband time-domain spectroscopy 
method for measurement of liquids of different physical properties; 
 Find sensitivity of the ultrasonic broadband time-domain spectroscopy 
method for measurement of particle size; 
 
2.3.2 Feasibility test for different liquids at static conditions  
 
According to ISO - Ultrasonic Attenuation Spectroscopy (2006), the sound 
attenuation spectroscopy can be used for characterizing properties of fluids of 
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different physical properties, as well as for dispersed particles of various sizes. In 
order to verify this statement, a few liquid samples of different physical properties 
(glycerol, silicon oil, NaCl brine and water) were tested using the sound attenuation 
spectroscopy. A square pulse was used as an incident ultrasonic signal. Measurements 
were performed in TT mode, using two 5 MHz transducers. Sampling rate for 
acquisition of data points was 200 MS/s. Liquid samples were measured at static 
conditions in plastic square box of side 10 cm. The square wave was designed in 
Visual Basic, ASCII Arb mode and generated by Agilent Signal Generator. Emitted 
wave travelled through the box and liquid and was received on the other side of the 
box. Data was acquired in LabView program. Ultrasonic results are presented in Figs.  
22-23 and physical properties of liquids are listed in Table 6. The original reference 
signal acquired directly from the signal generator is presented for comparison in Figs. 
22a and 23a. 
 
Table 6 Physical properties of liquids. 
 Water Glycerol Silicon oil 
Density, kg/m3 970 1230 930 
Viscosity, Pa·s 0.001  1.5 0.01055 
 
 
Fig. 22 a) Reference 1MHz PRF square signal acquired from a signal generator with its 
spectrum. Measured signal and spectrum obtained for b) glycerol, c) NaCl brine. 
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Fig. 23 a) Reference 1MHz PRF square signal acquired from a signal generator with its 
spectrum. Measured signal and spectrum obtained for b) water, c) silicon oil. 
 
Based on the tests, the following observations have been made: 
 Amplitudes of harmonic frequencies were attenuated by different rates in 
tested media. This can also be seen as different signal shapes of time-domain 
signals acquired for individual liquids. 
 Liquids of high viscosity (glycerol, silicon oil) have dampened ultrasonic 
signal in a greater degree, than of low viscosity (water), see Figs. 8-9 and 
Table 6. 
 Amount of input wave frequencies (fundamental frequency of 1 MHz and its 
harmonics) has remained unchanged in output signals.  
 Acquired reference square wave contains in addition to odd frequencies also 
even ones of smaller amplitudes. This is a practical phenomenon, in case of a 
measured square wave. 
 Results are specific for the plastic box used in experiment.  
Literature gives a lot of examples of measured attenuation of sound via 
frequency spectrum, for media of different properties. For example, Dukhin, Goetz 
and Travers (2005) measured dairy products, which resulted in greater sound 
attenuation in high-fat milk, than in a low-fat one. In principle, this example confirms 
the obtained results for low and high viscosity liquids. Assuming that sound loss is 
only due to viscosity (and other losses are negligible), which is generally true for 
liquids (Dukhin and Goetz, 2002), sound losses in water, glycerol and silicon oil have 
been calculated in Table 7 using Stokes equation (see Eq. 2.15 in section 2.6.5). The 
equation takes into consideration liquid viscosity and density, sound frequency and 
sound speed parameters. Calculated values indicate that viscous losses are the largest 
in glycerol and the smallest in water (independently on frequency) and this confirms 
the obtained results. 
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Literature does not give any examples of studying broadband pulse shapes in 
time domain. However, this feature of signal seems to be quite valuable, since it is 
like a “signature” or a pattern, which is specific for individual liquid. 
 
Table 7 Calculated viscous sound attenuation in water, glycerol and silicon oil using Stokes 
equation. 
 Liquid Viscous sound attenuation, αS, np/cm 
At 10 kHz At 10 MHz 
Water 7.8e-9 7.8e-3 
Glycerol 4.4e-6 4.4e0 
Silicon oil 1.2e-7 1.2e-1 
   
2.3.3 Feasibility test for different particle sizes in liquid-
particle flow 
 
In the next part of feasibility study, glass particles of different sizes were tested: 
20-40 µm and 106 µm. They were suspended in water by mixing, using two types of 
mixers: a magnetic stirrer, rotating at speed 0.33 m/s (for 106 µm particles) and a 
high-shear mixer rotating at speed 1.56 m/s (for 20-40 µm particles). Data 
corresponding to 2 %wt particle mass fraction are plotted in Fig. 24. A reference signal 
was acquired for case of flow of pure water, in order to calculate a relative change of 
signal acquired for particles. This means that water amplitude is 100%rel, and 
amplitude for particles is <100%rel for frequency range < 10 MHz (within the useful 
sound absorption region). 
Detailed analysis of sound spectra for particles is preformed in Paper II, where 
various effects influencing spectra, like for example particle size, are discussed. An 
acoustic theory that relates particle size with sound loss is discussed in section 2.6.4 
(see the subsections: the critical frequency, particle interactions according to the 
Viscous and Thermal Loss theories).  
Generally, particle size influences the critical frequency at which maximum 
sound loss occurs (~8.9 MHz for 20-40 µm particles and ~6.3 MHz for 106 µm 
particles). This is due to the fact that small particles attenuate mostly high sound 
frequencies (low frequencies passes through them without significant energy loss), 
which relates to their size, whereas big particles attenuate mostly low frequencies 
(Dukhin and Goetz, 1996). Particle size is related to the sound critical frequency, 
however, only for the case, where particles interactions do not occur (for a dilute 
system). In case of more concentrated systems, high particle volume fraction 
influences the critical frequency and it cannot be related directly to particle size, but 
to the inter-particle distance, which is smaller than the particle size. That is the case 
in the performed tests, as calculated particle sizes (from Eq. 2.13 in section 2.6.4) are: 
0.19 and 0.22 µm for 20-40 and 106 µm particles, respectively. The inter-particle 
distance is not only influenced by high particle fraction, but also by flow effects (this 
issue is discussed in Paper II). 
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Fig. 24 Attenuation spectra for 20-40 µm and 106 µm glass particles in water, at mixer speeds 
1.56 and 0.33 m/s. 
 
2.3.4 Conclusions  
 
 The improved pulsed broadband sound attenuation spectroscopy method is 
suitable for testing liquids of different physical properties, through study of 
time signals and their frequency spectra. 
 Test has shown that liquids of high viscosity attenuate ultrasonic signal in 
higher degree than of low viscosity. This has been confirmed by many 
examples available in literature. 
 The output ultrasonic signal contains the same amount of frequencies as the 
input signal. This is in contradiction with the simulation results presented in 
section 2.2.9. However, the effect of medium response on the background of 
the reference square pulse spectrum is clearly distinguishable, through 
attenuation of frequency peaks. 
 The improved pulsed broadband sound attenuation spectroscopy method is 
sensitive to particle size.  
 In order to measure particle size of liquid-particle flow using sound 
attenuation spectroscopy, an advanced signal interpretation is needed. 
 
2.4 Foreword on acoustic theory for particulates 
 
According to Dukhin and Goetz (2006) there is no single acoustic theory that 
meets all of necessary requirements for a proper description of all kinds of 
concentrated particle suspensions. These requirements are the following: validity for 
wide range of particle sizes, 10 nm – 1 mm, for ultrasonic frequencies from 1 to 100 
MHz, taking into account particle-particle interactions, reflection of multiple 
mechanisms of ultrasound interaction with colloids like viscous, thermal, scattering, 
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 intrinsic, structural and electrokinetic mechanisms. However, a number of ultrasonic 
theories for particulates have been created, taking into account chosen individual 
effects (section 2.6.4). An alternative approach is to use the theory of damped, driven 
harmonic oscillator, which also describes well, although in a simplified way, an 
interaction between a wave and liquid-particle system (section 2.5.3). 
 
2.5 Principal ultrasonic testing of concentrated 
particle suspension 
 
The aim of achieving an on-line, acoustic spectroscopy measurement of particle 
suspensions is still at a preliminary stage. In fact, available published results indicate 
on utilizing different ultrasonic techniques for that purpose. For instance, listening to 
acoustic signals produced by a fluid flow with particles (Haugen et al., 1995) and 
analysis of multiple reflections and measurement of the sound impedance at a single 
sound wave frequency (Bamberger et al., 2004). Ultrasonic techniques traditionally 
have been used for off-line measurements of concentrated slurries and emulsions 
(ISO, 2006; Dukhin and Goetz, 2002). Example applications are cement slurries, 
ceramics, food products and cosmetic emulsions (Dukhin and Goetz, 2002). 
Measurement and characterization of liquid-particle flow is a fairly new application, 
especially in terms of on-line measurement of particle concentration using the 
ultrasonic spectroscopy technique. 
Measurements of dynamic processes, such as flow of liquid transporting particles 
can be challenging due to its properties changing rapidly in time: local distribution of 
particles (concentration profile), presence of particles of various sizes (particle size 
distribution), flow instabilities due to flow dynamics. Therefore, broadband and at the 
same time fast measurement is essential in such cases. This condition enforces an 
ultrasonic wave to be as short as possible, enabling short measurement time.  
The motivation for study has been to elaborate methodology that will have 
potential for an on-line measurement of liquid- particle flow systems, by means of 
ultrasonic attenuation spectroscopy. Various analyses have been performed, forming 
the methodology basics: 1) influence of traditional and novel broadband pulse shapes 
on quality of frequency spectra used for measurement, 2) testing of instrumentation 
performance in terms of limitations and measurement sensitivity, 3) study of 
phenomenon of signal resonance in the test box and its influence on measurement, 4) 
numerical study of pulse design aspects using Matlab, like influence of length of 
rise/fall times of square wave and amount of points in its vertical and horizontal 
sections on quality of frequency spectra, 5) techniques for signal acquisition (like 
pulse PRF, number of cycles) and averaging (ensemble and running average), 6) 
example of experimental test of measurement of particle concentration in flowing 
water with low concentration of glass beads, 7) analysis of equation of motion for 
damped system under harmonic force.  
 
Procedure 
Test of a flow of water with glass beads ( = 106 µm,  = 1.56 g/cm3) at mixer 
speed 16 RPS (0.33 m/s) has been performed. Magnetic stirrer system has been used 
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for flow generation in the square test box (see, in section 2.2.2 and Fig. 2). Particle 
mass fraction has been varied from 0 to 1.25 %wt, every 0.25 %wt. Square pulses (10 
kHz PRF, 5 V) have been used as input pulses in ultrasonic spectroscopy technique in 
order to obtain broadband frequency spectra and possible shortest pulse (0.1 ms). Test 
has been run in Through-Transmission mode. 
Detailed procedures and explanations, as well as all obtained experimental and 
numerical results can be found in Paper I. 
 
2.5.1 Objectives  
 
 Measure particle concentration in low concentration range, at flow 
conditions, using the ultrasonic spectroscopy technique, in order to test 
suitability of the method for such application; 
 Outline associated phenomena related to measurement (a thorough analysis 
is not intended at this stage), through suitable theory and reference examples; 
 Find sensitivity of the method to small concentration change; 
 
2.5.2 Challenges 
 
 Choose proper parameters of the incident ultrasonic wave (shape, amplitude, 
PRF, number of cycles), which are compatible and consistent with all used 
instruments in a test (the signal generator, the DAQ card, the 5 MHz 
ultrasonic transducer), in order to ensure high accuracy measurement of 
liquid-particle flow; 
 Choose particles suitable for test, i.e. having high density contrast comparing 
to liquid in order to ensure the acoustic transparency; 
 Establish small enough concentration steps (measurement is possible only up 
to certain maximum concentration due to signal damping); 
 Ensure flow conditions for fairly homogenous distribution of glass beads in 
the square box; 
 Acquire signals according to established principles (see, in section 2.2.4) 
 Perform signal averaging in the post-processing phase; 
 Study correlation between acquired ultrasonic signal and particle 
concentration; 
 
2.5.3 Physical theory of damped driven harmonic oscillator 
 
Generation and propagation of ultrasounds in suspensions can be described by 
the theory of damped, driven harmonic oscillator. Harmonic oscillators in the studied 
application are the active element of an ultrasonic transducer and the tested 
suspension. The equation of motion of damped, driven oscillator is given by (Rao, 
1995): 
)cos(02
2
tFkx
dt
dx
c
dt
xd
m   (2.5) 
F0 - is the driving amplitude of a harmonic force (voltage)  
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ω - is the driving frequency for an incident ultrasonic wave, f 2  
m - is the mass  
c - is the viscous damping coefficient 
k - is the system stiffness coefficient (reciprocal of the compressibility)  
 
The steady-state solution x(t) of the equation of motion (an acquired time-
dependent signal) is also harmonic: 
)cos()(   tXtx  (2.6) 
X - is the amplitude 
Ф - is the phase angle 
 
Note: Frequency of the oscillator is the same as that of a driving force. This 
explains why assumptions for Matlab simulations presented in section 2.2.9 were not 
fully correct, because there will be no extra frequencies in an acquired in a test 
harmonic signal, after it passes through a sample. 
The amplitude and the phase angle are scaled by amount that depends on the 
driving force frequency, in relation to the resonant frequency of the oscillating system 
and the damping ratio:  
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ωn - the resonant frequency of the oscillating system, mkn /  
ξ - is the damping ratio, )2/( nmc    
δst - is the deflection under a static force, kFst /0  
 
Fig. 25 Variation of X and Ф with ratio r according to the equation of damped, driven harmonic 
oscillator (Rao, 1995). 
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A simple investigation in Fig. 26 was performed to illustrate character of the 
mechanism of the wave interaction with a suspension, which qualitatively is 
represented by amplitude and phase shift of acquired in a test signal.  
Behaviour of signal amplitude and phase offset was analysed for three cases:  
 Decrease of c for constant m (discrete series) and k; 
 Increase of m (discrete series) for constant c and k; 
 Decrease of  k for constant m (discrete series) and c; 
Additionally, it was assumed that the viscous damping coefficient and the 
system stiffness coefficient are independent on the mass. In real situation the viscosity 
of suspension varies exponentially with particle fraction (Hunter, 1993), while the 
stiffness increases (and the compressibility decreases) with particle fraction (Urick, 
1947). 
Study has shown that as the viscous damping coefficient was reduced, the signal 
amplitude increased and the phase shift diminished. Whereas, increase of the mass 
caused either increase or decrease of the amplitude and phase shift (amplitude and 
phase shift points moved to the left), depending on whether the original resonant 
frequency of the system ωn was smaller or larger than driving force frequency ω.The 
same phenomena occurred for decrease of the stiffness coefficient. 
 
Fig. 26 A theoretical analysis of the amplitude X and the phase shift Ф, as a function of the 
system resonant frequency ωn, according to the harmonic oscillation equation. 
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2.5.4 Concentration measurement through sound attenuation 
 
Acquired time dependent signals for water-glass beads flow is shown in Fig. 
27a. Three major effects can be observed for increasing particle fraction: 
1 Phase shift of the time-dependent signal - it is a well known effect used for a 
measurement of the sound speed. The phase shift is proportional to mass of 
particles and is dependent on the viscosity and the compressibility of the 
suspension, according to Eq. 2.8. 
2 Amplitude attenuation - it is a well known effect for increasing particle fraction 
(Dukhin and Goetz, 2005). 
3 Change of the signal’s shape – it is due to diverse rates of attenuation of 
different wave harmonics, caused by the varying particle mass fraction. 
Corresponding frequency spectra in Fig. 27b (unprocessed) and in Fig. 28 
(processed) show sound damping as a function of average particle mass fraction. 
Waviness of the spectrum in Fig. 27b is due to the resonance effect (wave 
interference) in the wall of the box. 
  
 
Fig. 27 Instantaneous ultrasonic spectroscopy signals for flow of water and water with glass 
particles for varying fractions from 0.25 to 1.25 wt% (magnified left and right parts of square 
pulses); b) Corresponding frequency spectra. 
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Fig. 28 The measured amplitudes for water-glass particle flow, for the mass fractions 0.25 - 
1.25%wt. The amplitude is represented in terms of a reduction of the reference case of water 
flow.  
 
2.5.5 Conclusions 
 
 The laboratory test for flow of water and water with glass particles, for 
varying mass fractions from 0.25 to 1.25 %wt in steps of 0.25 %wt, 
demonstrated that the improved broadband pulsed ultrasonic spectroscopy 
technique is a sensitive and an accurate tool, with a potential for an on-line 
measurement of liquids and liquid-particle suspensions. 
 The effect of wave interference that can be observed in the spectrum can be 
minimized by avoiding an ultrasonic wave from reflecting back and forth 
between parallel walls. However, this kind of noise is actually not harmful, 
unless it significantly dampens the amplitude. 
 Equation of damped system under harmonic force is suitable for general 
recognition of phenomena, which occur during measurement of liquid-
particle system using harmonic waves. Properties of suspension (mass, 
viscosity and stiffness) can be translated into a wave, for known properties of 
the incident wave (amplitude, frequency). However, the equation does not 
include all important parameters that need to be considered in a complete 
analysis. These parameters in example are: the inertial effect resulting from 
different motions and velocities of liquid and particles and the temperature 
effect. 
 More detailed feasibility studies for particular on-line applications are 
desired, as many types of noise and system instability effects related to 
dynamic nature of a process, may influence measurements. 
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2.6 Principal ultrasonic testing of particle 
concentration and flow speed, in high shear 
 
Online process metering of multiphase flow using acoustic or ultrasonic 
instrumentation is challenging due to turbulence in combination with high flow 
velocities (Reynolds numbers, Re > 4 000). According to Endress + Hauser Flowtec 
AG flow handbook (2006), turbulent flow exists in 95% of closed pipelines; therefore 
flow meters should normally be designed to operate under such flow conditions.  
 Turbulence effects that are created at high shear flow may have a significant 
influence on attenuation and dispersion of sound. Even in pure liquid without any 
particles, flow turbulence intensity will play an important role in the sound 
propagation through it: ‘‘only recently, some of ultrasonic Doppler flow meters have 
been developed to work with clean liquids, reflecting off turbulent swirls’’, according 
to Winkler from Omega Engineering (2010). Characteristic features of a liquid–
particle mixture under high shear flow are: multiple particle–particle interactions 
(Harker at al., 1987) and presence of turbulent eddies (Rabenjafimanantsoa, 2007). 
These factors may make a difference when volume fraction is measured using 
ultrasound and they may cause measurement errors, if not accounted for.  
There is a large unexploited area in the field of ultrasonic measurement of 
suspensions in high shear flow, i.e. at turbulent flow conditions. In fact, no reference 
covering such experiments has been found in the literature.  
Motivation for this study has been to verify suitability of the broadband 
ultrasonic spectroscopy method (see, Paper I) for simultaneous measurement of 
average particle concentration and average flow speed, using a single ultrasonic pulse. 
This has been performed using broadband frequency sound attenuation and sound 
speed techniques. Another motivation has been to verify a possibility for flow 
measurement at on-line conditions, in high shear and fully turbulent. Finally, it has 
been desired to investigate possibilities for characterization of liquid–particle flow for 
control of other flow dynamics parameters. It is important to underline that a research 
with respect to the aim of achieving on-line acoustic spectroscopy measurements of 
particle suspensions is still at a preliminary stage.  
The following studies have been performed: 1) Study of acoustic theories for 
particulates, sediment transport theories and relevant published results 2) Sound 
attenuation and sound speed tests for flowing water with glass beads at high shear 3) 
Conversion of measured signal into frequency domain and analysis of frequency 
spectra, 4) Analysis of standard deviation plots in terms of process stability, 5) 
Temperature tests for sound attenuation and sound speed measurements in water and 
acrylic wall of the test box, 6) Evaluation of measurement accuracy, 7) Analysis of 
measurement uncertainty, 8) Study of the effect of particle clustering and the effect of 
appearing air bubbles in flow of water with glass beads on measurement. 
 
Procedure 
Ultrasonic test of a concentrated liquid–particle system in high shear flow has 
been carried out, using the broadband spectroscopy technique. Glass particles ( =20-
40 µm,  =2.47 g/cm3)  in water, flowing at mixer speeds from 1.5 to 2 m/s, have 
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been studied for mass fractions up to 10%wt (5%vol). High shear mixer has been used 
in the test and the square test box (see, in section 2.2.2 and Fig. 3). Test has been 
performed for uniform distribution of particles in water, therefore homogeneous 
particle suspension has been assumed. Square pulses (10 kHz PRF, 5 V) have been 
used for ultrasonic spectroscopy and sound speed tests, while spike pulses (500 Hz, 
100 µJ) for sound speed test only. Particle-particle interactions have been expected in 
the test, due to fully turbulent flow conditions. Additional temperature tests for the 
sound attenuation and sound speed measurements in water and acrylic wall have been 
performed for temperature range 20-40
o
C and supported by numerical simulation in 
Matlab. 
Detailed procedures and explanations, as well as all obtained experimental and 
numerical results can be found in Paper II. 
 
Hypothesis 
The hypothesis that will be tested in this study, assumes that flow turbulence 
intensity may significantly influence ultrasonic measurements of concentrated 
particles in liquid. The associated theory describing interaction of ultrasound pulse 
with colloids is the superposition theory by Dukhin and Goetz (2002). According to 
this theory, the total attenuation of sound (sound loss) is the result of contribution of 
several mechanisms: viscous, thermal, structural and intrinsic,             
            . An extra sound loss due to flow turbulence is expected ,      . 
 
Comments on acoustic models for particulates 
Early acoustic models for liquid–particle suspensions like the phenomenological 
models by Urick (1947) and Ament (1953), the coupled phase models by Harker and 
Temple (1987) and Gibson and Toksöz (1989), have not been designed to account 
directly for turbulent effects in a liquid–particle mixture, i.e. for presence of inertia 
forces of a liquid and particles in case of high shear flow. They are related to different 
velocity values of liquid and particles at high liquid and particle Reynolds numbers 
(described by non-Stoke’s law). There are also other turbulent effects, like ones 
associated with non-linear distribution of particles in liquid due to occurrence of 
vortices in the flow, which trap particles (Sediment Transport theory, Nielsen, 1992), 
as well as self-organized motion of particles connected in structures (Nielsen, 1992 
and Rabenjafimanantsoa, 2007). In acoustic models for liquid-particle suspensions, 
simple Stokes flow is often used, however being valid only for laminar flow with 
Re<1. Stokes drag for steady motion is also introduced in the models and distribution 
of solid spheres is assumed to be statistically homogenous. Such approximations are 
useful, when the propagation of sound wave through a steady flowing system (i.e. 
without changing properties in time) is analysed, however for a suspension consisting 
of heavy particles flowing with high speed, these assumptions do not apply. It also 
seems that closure relations for turbulent flow (Manninen and Taivassalo, 1992) are 
missing in the acoustic models for particulates and therefore they cannot be applied 
for practical on-line liquid-particle flow measurement applications. Another limitation 
of the acoustic models for sound attenuation and related to them published 
experiments, is “dilute suspension” application, i.e. without consideration of particle 
interactions (Epstein, Carhart, Allegra and Hawley, 1972; Temkin, 1998). 
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2.6.1 Objectives 
 
 Perform ultrasonic test of low concentration of liquid-particle system in high 
shear (turbulent) flow, using the broadband ultrasonic pulsed spectroscopy 
technique (Wrobel and Time, 2011).  
 Verify suitability of the ultrasonic spectroscopy method for simultaneous 
measurement of average particle concentration and average flow speed. 
 Verify suitability of the ultrasonic spectroscopy method for characterization 
of other flow dynamics parameters than concentration and flow speed. 
 
2.6.2 Challenges 
 
 Fix up the measurement setup, in order to establish stable flow and 
measurement conditions (position of mixer, good adhesion of transducers); 
 Measurement of flow of suspension at turbulent velocities using two 
independent ultrasonic techniques - sound attenuation and sound speed, at 
controlled temperature conditions, according to the established measurement 
principles (see in section 2.2.4); 
 Observe appearing air bubbles in the system at high mixer speeds; 
 Observe particle behaviour during the test; 
 Post-processing of acquired signal using Matlab programmes; 
 Study of signal dependence on particle concentration and flow speed; 
 
2.6.3 Sketch of experiment design and results analysis 
 
In order to obtain reliable and innovative experimental results, series of studies 
have been performed (see, Fig. 29): 
1. Hardware and software elements of experimental setup have been prepared and 
tested. Instrumentation was tested in terms of measurement sensitivity and 
limitations, in order obtain high quality of signal used for ultrasonic 
measurement of liquid-particle flow.  
2. Signal acquisition methods have been studied, in order to obtain high accuracy 
signal. Successful signal acquisition is when: waves are of high resolution 
(contain high amount of points per cycle), full wave cycles are acquired, 
measurement repeatability is taken into consideration to provide good data 
statistics (which means to represent well measured flow constantly changing in 
time). A suitable PRF should be chosen to fit with frequency of transducer and 
required frequencies /wavelength for detection of small particles.  
3. Various pulse types (sine, sweeps and bursts, triangle, square and spike waves) 
and designs (i.e. density of points, frequency, wave symmetry) were studied. It 
turned out that a square wave was in particular interesting for particle 
measurement due its harmonic nature (consisting of infinite number of 
frequencies available for measurement). 
4. Glass beads of size 20-40 um were chosen for testing. Larger size particles were 
too heavy and easily sedimenting on the cell bottom during the flow, which was 
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not desired. Small particles were well suspended in the flow and created 
homogenous mixture, therefore represented true, average particle concentration 
in the cell. Concentration was chosen to be low, because it was not possible to 
measure high concentrations due to pulse attenuation. 
5. Homogenous type of flow regime was desired; this was obtained by running 
mixer at speeds 1.5-2 m/s.  
6. Two measurement methods were considered: sound attenuation (namely 
Broadband Ultrasonic Spectroscopy method) as the main method and speed 
measurement as the supportive method.  
 
Fig. 29 Experiment design. 
 
After the experimental data were collected, results were analyzed (see, Fig. 30): 
1. First, data were averaged and converted from time domain into frequency 
domain using the FFT transform. Operations on signal data were quite memory 
demanding and in some cases required advanced programmes in Matlab 
consisting of loops and memory clearing commands, variable matrixes.  
2. When signal processing and plotting was finished, signal had to be interpreted. 
As several effects were measured at once using one signal, a straight forward 
interpretation was difficult. Signal was influenced by particle concentration, 
flow of liquid and particles, vortices in the flow, changing temperature of water 
and the test cell, gas bubbles and particle clustering which occurred during 
experiments. In order to separate individual effects, acoustic, physical and flow 
dynamics theories had to be studied, together with published results available in 
the literature. Numerical simulations were performed as a support (for example, 
simulation of the effect of wave interference in the cell wall due to its changing 
temperature).  
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3. Two independent ultrasonic methods were used in the test for verification. 
Results were also checked against published results. 
4. Accurate, useful measurement range and noise range were determined. 
5. Uncertainty analysis was performed, stating factors influencing measurement. 
These factors are for example: particle concentration, fluid speed, appearing air 
bubbles, changing temperature of the system.  
6. Final conclusions and potential for new applications were stated.  
 
Fig. 30 Results analysis. 
 
2.6.4 Introduction into acoustic theories for particulates 
 
Sound absorption and scattering 
 
The ultrasound attenuation in a colloid arises either from absorption (conversion 
of the acoustic energy into the thermal energy) or scattering (redirection of the 
incident acoustic energy from the incident beam).  
Sound attenuation = Absorption + Scattering 
For ultrasounds, absorption and scattering are distinctly separated in the 
frequency domain. As a general rule, for given particle size, the absorption of 
ultrasound is dominant at low frequencies, whereas scattering is dominant at high 
frequencies, with an overlap region existing within a narrow intermediate frequency 
range.  
In performed tests, concentrated suspensions have been measured only within 
the sound absorption region (see in Fig. 31), as the noise begins around 12 MHz (due 
to the frequency range limit of 5 MHz transducer to detect sound of small amplitudes 
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at higher frequencies, see Fig. 11 in section 2.2.5), which prevents to reach sound 
scattering region at sound high frequencies. 
 
Fig. 31 Measured sound attenuation as a function of particle mass fraction in water, at mixer 
speed 1.56 m/s. Useful frequency range is within 2-12 MHz. Critical frequency is at maximum 
sound attenuation. 
 
The critical frequency 
 
The frequency at which sound wave reaches maximum attenuation is called the 
critical frequency,   . It is related to the particle size or inter-particle distance, from 
which the latter one depends on particle volume fraction. 
 
Phenomenological model by Harker and Temple (1988) 
 
Phenomological model – is the simplest approach for calculating velocity and 
attenuation of ultrasound in suspensions.  
Sound speed equation for suspension of fluid with particles is the following: 
effeff
c

1
  (2.9) 
Where,      is the effective mixture density and      is the effective mixture 
compressibility. According to Urick (1947) these parameters are calculated based on 
linear averaging of two media properties using the volume fraction of dispersed 
particles,  : 
12 )1(  eff
  
12 )1(  eff
 
(2.10) 
Where index 1 refers to a liquid phase and 2 to a dispersed phase. There is 
number of other equations for      and      that are dependent on larger amount of 
parameters than only the volume fraction of dispersed particles. For example Ament 
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(1953) included the effect of fluid viscosity and particle size. Biot (1958) considered 
the effect of the tortuosity (commonly used to describe diffusion in porous media), 
however his theory is valid only for suspension containing a large volume fraction, 
which becomes more akin to a porous solid. 
Sound attenuation is given by the concentration multiplied by the ”average” 
scattering factor,   (Gubernatis and Domany, 1984):  
 
 
  
(2.11) 
 
Coupled phase model for dilute systems by Gibson and Toksöz 
(1989) 
 
Coupled phase models provide best framework to describe ultrasound 
absorption. They are solved through equations of motion and equations of continuity, 
each for the fluid and solid particles, and the equation for drag on one phase by the 
other.  
Gibson and Toksöz (1989) presented model valid for concentrations not greater 
than 0.20. He proposed two different equations for the attenuation coefficient, valid 
for low and high sound frequencies. The model is based on establishing the critical 
frequency corresponding to maximum attenuation that separate frequency ranges, in 
which inertial effects are negligible in the low frequency range and play significant 
role on attenuation and velocity  in the high frequency range. 
 
Temkin’s model (1998) 
 
Temkin (1998) has considered fluid and particles moving with different 
velocities and heat transfer between them that result in irreversible energy transfer 
affecting suspension compressibility. Based on these premises, a model was built for 
determination of the attenuation and speed of sound in a flowing particle suspension. 
Obtained equations define attenuation and speed of sound for colloidal system in 
terms of particle-to-fluid velocity and temperature ratios within wide sound 
frequency range. 
Temkin’s model among the other available models, is the most suited to the 
studied experimental situation (in section 2.6). Nevertheless, the model is limited for a 
case of very dilute suspensions (no interactions between particles are assumed). 
 
Multiple scattering theory by Schwartz and Plona (1984) 
 
As far as average terms are concerned, in the long wavelength limit the scattered 
sound intensity depends on the squares of the density and compressibility of 
suspension – in other words on the square number of scattering particles,  , per unit 
volume. This portion of the scattered wave, in which each scatterer adds its 
contribution to the sound wave amplitude, is called the coherent scattered wave. Thus 
the sound intensity is proportional to   . The rest of the scattering, where the sound 
intensity is proportional to  , is called the incoherent scattered wave.  
Principal ultrasonic testing of liquid-particle flow in high shear 
 
 
47 
Superposition theory by Dukhin and Goetz (2002) 
 
The superposition theory proposed by Dukhin and Goetz (2002) is a 
combination of the “scattering theory” and the “coupled phase model”. Authors 
distinguish six different mechanisms of sound interaction with colloids: viscous, 
thermal, scattering, intrinsic, structural and electrokinetic. The total sound attenuation 
(αT) can be expressed as a sum of individual effects according to the superposition 
approach. All of mechanisms, excluding the electrokinetic mechanism, will contribute 
to the sound attenuation in the studied case of the glass beads-water suspension. The 
total attenuation of sound is then expressed as:  
                        
 
(2.12) 
A short description of the sound loss mechanisms is the following:  
 Viscous losses are related to the shear waves generated by a particle oscillating 
in the acoustic pressure field. Shear waves appear due to density difference of 
particles and a medium. Viscous losses relate not only to pure “viscous” 
effects, but also to “inertial” effects, resulting from different particle motion 
with respect to the liquid due to the sound wave propagation through them. 
Viscous losses are typically dominant for a suspension with high density 
contrast       . In the conducted test with glass particles (2.47 g/cm3) and 
water (1 g/cm
3
),          , therefore viscous losses are important. 
 Thermal losses are related to the temperature gradients generated near the 
particle surface and they are dominant for soft particles (emulsion and latex 
droplets). They predominate in systems with a low density contrast        . 
Thermal losses are important up to ka=0.5, where k is the wavenumber and a is 
the particle diameter (Anson and Chivers, 1990).  In the conducted test with 
glass particles of 20-40 µm diameter, ka<0.5 up to ultrasound frequency 3 
MHz. 
 In case of scattering losses, particles redirect a part of the acoustic energy 
flow, resulting in the portion of the sound that does not reach receiving 
transducer. This contribution is significant for larger particles with a diameter 
exceeding roughly 3 microns. Scattering losses are dominating for large 
particles with ka>1. Scattering losses are unimportant for particles below 1 
micron and ultrasound frequencies below 100 MHz.  In the carried out test, the 
condition of ka>1 is satisfied for ultrasound frequencies above 6 MHz. 
 Intrinsic losses are losses of acoustic energy due to interaction of a sound wave 
with a material of particles and a medium, considered as homogenous phases 
on a molecular level. 
 The structural mechanism occurs when particles are joined together in some 
network. Oscillation of these inter-particle bonds can cause additional energy 
dissipation.  
 There is an additional loss to be consider – the electrokinetic mechanism. It is 
related to the oscillation of charged particles in the acoustic field, which leads 
to generation of an alternating electrical field; however its contribution to the 
total acoustic attenuation is negligible. 
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Particle interactions according to the Viscous and Thermal Loss 
theories 
 
The viscous loss theory assumes a parameter called the viscous layer thickness, 
  , through the expression (according to the ECAH theory  - created by Epstein and 
Carhard (1953), Allegra and Hawley (1972), as well as according to the Superposition 
theory):  
            
 
(2.13) 
where   is the dynamic liquid viscosity and    is the density of the liquid and   
is the angular sound frequency. The viscous thickness layer represents a distance, at 
which the shear waves generated by oscillating particles in sound wave will decay, as 
the sound wave passes through, see in Fig. 32. 
 When   is equal to    , the  particle size can be determined from the relation 
    ; however this assumption is only valid when no interactions between particles 
are present, i.e. for dilute suspensions. In case that the particle interactions are 
present, the inter-particle distance overtakes the particle radius as the parameter and 
then     , which results in a shift of     towards high sound frequencies. This 
takes place for high particle volume fraction.  
Similarly, as in the process of generation of shear waves due to particles 
oscillating in sound wave, thermal waves are also generated in the system and decay 
at certain distance -   , due to sound wave travelling through it. The thermal 
thickness layer can be calculated from the equation: 
                
 
(2.14) 
where    is the thermal conductivity of a medium (liquid),    is the density of 
a medium, ω is the angular sound frequency and   
  is the specific heat capacity of a 
medium. Thermal waves can be sketched in the similar way as the shear waves. 
An example of calculated viscous and thermal layers for colloidal suspensions in 
water, glycerol and kerosene are presented in Table 8. The most viscous liquid 
(glycerol) forms the thickest viscous layer due to interaction with the incident sound 
wave and the thickest thermal layer has liquid of the highest thermal conductivity 
(water). Calculated values are inversely proportional to the wave frequency. 
 
Table 8 Example of calculated viscous and thermal layers for colloidal suspensions in water, 
glycerol and kerosene. 
 Water Glycerol Kerosene 
Density, ρ,  kg/m3 970 1230 820 
Dynamic viscosity, η, Pa·s 0.001 1.5 0.00164 
Specific heat capacity, Cp, J/(kg·K) 4190 2430 2010 
Thermal conductivity,  , W/(m·K) at 25 oC 0.609 0.285 0.145 
Viscous thickness layer, δη, μm, at 10 kHz 5.64 194.59 7.98 
Thermal thickness layer, δT, μm, at 10 kHz 2.15 1.72 1.67 
Viscous thickness layer, δη, μm, at 10 MHz 0.18 6.15 0.25 
Thermal thickness layer, δT, μm, at 10 MHz 0.07 0.05 0.05 
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Fig. 32 Diagram illustrates relation between the critical frequency, particle concentration and 
particle size according to the Viscous loss theory (from the Superposition theory). 
 
2.6.5 Sound attenuation in pure liquids 
 
In order to calculate the sound attenuation in pure liquid, Stokes (1841) and 
Kirchhoff (1861) equations are used for calculation of the viscous sound loss,   , and 
thermal sound loss,   , respectively: 
   
 
 
   
   
 
   
  
    
      
   
(2.15) 
 
(2.16) 
Attenuation of sound in water is primarily due to the viscous losses dependent 
on temperature and thermal losses are insignificant (see in Table 9).  
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Table 9 Calculated viscous and thermal sound attenuation in water using Stokes and Kirchhoff 
equations. 
Parameter Parameter’s value for water 
Sound speed, c, m/s 1500 
Adiabatic coefficient, γ (25 oC) 1.011 
Viscous sound attenuation, αS, np/cm At 10 kHz: 7.8e-9;     At 10 MHz: 7.8e-3 
Thermal sound attenuation, ακ, np/cm At 10 kHz: 6.1e-12;   At 10 MHz:  6.1e-6 
 
2.6.6 Introduction into the sediment transport theory 
 
There are four types of flow regimes for a liquid and particles. These are: 
stationary bed, sliding bed, saltating particles and homogeneous flow, Fig. 33a 
(Rabenjafimanantsoa, 2007). The last type is desired for ultrasonic measurements, in 
order to represent the true average concentration in the cell.  
According to the test in the particle flow loop performed in circular pipes by this 
author, the homogeneous liquid-particle mixture is obtained for liquid speeds 
exceeding 0.6 m/s. This is in accordance with observed flow homogeneity in our test 
for mixer flow speeds in water of 1.5-2 m/s.  
According to Nielsen (1992) particles are lifted from the sediment bed at a cell’s 
bottom and get suspended in fluid, when the turbulent fluid shear force exceeds the 
particle gravity force, as in presence of turbulent eddies. Particles are captured and 
partially trapped in vortices, see Fig. 33b-c. Vortex trapping is the most important 
suspension maintaining mechanism. Vortex lifting mechanisms are also involved in 
transport of particles, in case of waves on fluid surfaces. The vortex trapping 
mechanism may affect measurement involving sound attenuation, due to inertia of 
particles trapped in vortices.  
 
Fig. 33 a) Flow regimes in a liquid-particle flow loop (Rabenjafimanantsoa, 2007); b) Sand 
settles unhindered through the wave motion, but gets trapped in vortices (Nielsen, 1992); c) The 
dynamics of vortices inside the pipe filled with liquid and solid particles (Rabenjafimanantsoa, 
2007). Published with courtesy of authors.   
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2.6.7 Flow regimes in the test 
 
For all flow speeds, the mixer Reynolds numbers were above 2000, which 
indicates that the flow system was exposed to high shear and fully turbulent. Water 
flow at 1.56 and 1.61 m/s was steady, having a slightly wavy surface. Generally no air 
bubbles were formed. At speed 1.71 m/s, the flow remained steady and no air bubbles 
were formed, however a water surface was more deflected. At the last two mixer 
speeds: 1.84 and 1.98 m/s, the water flow was fully turbulent. At speed 1.84 m/s, the 
water surface was quite wavy and very small air bubbles were occasionally formed 
and could flow with the main stream along the sound beam path. At the last speed 
1.98 m/s, a water surface was strongly wavy and more air bubbles were formed 
including larger ones, sometimes flowing along the sound beam path.  
Flow regimes for mixtures of water with particles were similar as for pure water. 
However, the mixtures were white and non-transparent; therefore it was not possible 
to observe entrained air bubbles. Nevertheless, fluctuation of the fluid surface was a 
good indication of the flow turbulence. Flow had the highest turbulence intensity at 
mixer speeds 1.84 and 1.98 m/s. No turbulent effect is expected to be reflected in 
measurements at speeds up to 1.71 m/s.  
Water – glass beads mixtures in the test were well mixed at all flow speeds. 
 
 
Fig. 34 Flow regimes for water. 
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Fig. 35 Flow regimes for water with particles (1.78%wt). 
 
2.6.8 Sound speed measurement test 
 
Experimental determination of suspension sound speed  
Based on measured total time of sound passing through the test cell, sound speed 
was calculated according to the equations: 
 
  11*22
2211
/2)(/
//2
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cLcLT


 (2.17) 
 
(2.18) 
ΔT - the time difference between the initial pulse and 
the pulse received after passing through the box filled 
with fluid  
L1 and L2 - the wall and sample width 
 c1 and c2 - the sound speed of the wall and the sample 
C* - a fixed calibration constant for a square signal, 
shifting it to the right, C* = 4.97·10-5 s (C* = 0 for a 
spike pulse) 
 
Fig. 36 Sound speed measurement of 
suspension. 
 
Flow velocity measurement using TTD method principle  
Propagation of velocity of sound waves within a fluid is directly influenced by 
the velocity of that fluid. At “zero flow”, both sensors receive the transmitted 
ultrasonic wave at the same time, i.e. without transit time delay. But with a flowing 
fluid, the ultrasonic waves require different lengths of time (flow dependent) to reach 
the other sensor. If the difference between the two sensors is known, then the 
measured transit time difference is directly proportional to the flow velocity, Q:  
21
21
tt
tt
KQ


  (2.19) 
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t1 – Transit time t1 (with the flow) 
t2 – Transit time t2 (against the flow) 
K = f (length of acoustic path, ratio between 
radial and axial sensor distance, velocity 
distribution (flow profile), cross-section)  
Fig. 37 Flow velocity measurement using 
ultrasonic Transit Time Difference (two 
sensor configurations are presented). 
 
Measurement “with the flow” using square pulse 
A phase shift of the square signal acquired “with the flow” for fixed particle 
concentration (Fig. 38) is a measure of the suspension sound speed, which in turn 
depends on the average flow speed according to the superposition principle. It can be 
observed that as the flow speed increases, less time is needed to acquire the signal (by 
comparing position of signal peaks). For sound travelling against the flow, its speed 
would be correspondingly reduced. 
 
Fig. 38 Acquired square pulse “with the flow” for 0.51 %wt water-particle flow at mixer speeds 
1.56-1.98 m/s, represents principle of ultrasonic flow speed and particle concentration 
measurement. 
 
In order to determine average flow velocity using the TTD method, both 
measurements “with the flow” and “against the flow” need to be performed using two 
transducers transmitting and receiving ultrasonic beams at the same time. 
Unfortunately, the used experimental setup did not allow performing such test. A 
solution would also be to switch transducers connectors manually for measurement in 
the both flow directions, however in this case quickly rising temperature of the system 
would introduce large measurement inaccuracies, therefore this solution was rejected.  
 
Note: According to description of commercial meters utilizing the TTD method 
(Endress+Hauser, 2006) acquisition of pulses by two transducers in the PE mode will 
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lead to average flow velocity measurement independent on temperature and flow 
turbulence effects. However, the latter issue may require further study for 
confirmation. 
 
Experimental results verification by using square and spike pulses as two 
independent measurement methods. 
Sound speed measurement of flowing suspension was performed using two 
independent ultrasonic measurement methods: a spike pulse from the Pulser-Reciever 
(500 Hz, 100 µJ) and a square pulse from the Waveform Generator (10 kHz, 5V) for 
verification of results, see in Figs. 39-40. Data acquired using these two methods 
correlate well with each other. 
Sound speed of water with particles follows sound speed of water closely for 
varying water temperature. The effective sound speed in a flowing medium should 
generally increase when the sound beam is in the direction of flow and can be thought 
of as the superposition principle. However, sound speed of water with glass particles 
for fractions higher than 1%wt was reduced by increased flow speed and flow 
turbulence intensity even by 5 m/s. This effect gets stronger for increasing particle 
fraction (based on measurement results using the Pulser-Receiver). 
Therefore, reduced sound speed values for increasing flow speed can be 
explained by slowing down of sound by flow turbulence effects (temporary capture 
and redistribution of energy and momentum in turbulent vortices). 
 
Fig. 39 Measured sound speed of liquid-particle mixture at mixer speeds 1.56-1.98 m/s, using 
500 Hz spike pulse from the Pulser-Receiver. 
Principal ultrasonic testing of liquid-particle flow in high shear 
 
 
55 
 
Fig. 40 Measured sound speed of liquid-particle mixture at 1.56-1.98 m/s mixer speed using 10 
kHz square pulse from the Waveform Generator. 
 
Factors influencing the sound speed measurement uncertainty 
Measured sound speed of suspension is influenced by several factors, from 
which three of them can be observed in Figs. 39-40: 1) profile created by data points 
corresponds to the acquired water temperature profile, 2) sound speed data increase 
with increased flow speed for fractions up to 1%wt (which can be explained by the 
superposition principle: sound should travel faster, due to superposition of sound and 
flow travelling in the same direction), 3) sound speed data decrease for fractions 
larger than 1%wt  (this can be explained by presence of the flow turbulence effects, 
which temporary capture and distribute sound energy and momentum in turbulent 
vortices). It can be noted that discrepancy between data points corresponding to 
increasing particle fraction for low and high mixer speeds grows (see, the results 
using a spike pulse), which could indicate on additional “slowing down” effect by 
increased amount of particles in water.  
List of factors influencing the measured suspension sound speed is given below:  
 the particle concentration -   ,  
 the flow speed -  ,  
 the turbulence intensity -      ,  
 the air bubble fraction -   ,  
 structural effects like particle clustering,  
 the temperature of water -        (and temperature of particles, if they are 
manufactured from temperature sensitive material - neglected here due to 
low fractions),  
 the temperature of cell walls -      . 
Some of these factors contribute to increase of sound speed and some to its 
reduction, as it was sketched in the Fig. 41, which was constructed based on 
performed experimental tests (cases 1-2, 5-6) and literature findings (case 3) and it 
also includes a hypothesis (case 4). The hypothesis is that the effect of particle 
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clustering may reduce sound speed, due to lower “effective” particle fraction along 
the sound beam path (more details in 2.6.9). A rough estimation of impact of 
individual factors on the effective measured sound speed of suspension is presented in 
Table 10. 
 
Fig. 41 Factors influencing sound speed of low concentration water-glass particle in high-shear 
flow. 
 
Table 10 Estimation of impact of identified factors on the effective measured sound speed of 
suspension. 
Case Factor 
Estimated impact on the measured sound 
speed of suspension in the test, Δc 
1 Particle fraction 0.51 m/s per 1%wt 
2 Flow speed/turbulence intensity 1.54 m/s or larger per 1 m/s of flow speed 
3 Individual air bubbles in the flow None in the performed test  
4 Particle clustering effect Unknown 
5 Water temperature 2.5 m/s per 1oC 
6 Acrylic walls temperature 0.28 m/s per 1oC (for calibrating out) 
 
The effect of particles on measured sound speed 
In order to answer question what is the separate effect from added particles on 
the measured effective sound speed, another two tests were performed: for static 
water, water flow at 1.56 and 1.84 m/s and two particle concentrations 3.02 and 
4.28%wt, at selected temperature points in the range 20-36
o
C.  
Results (Fig. 42) show that sound speed increases with increasing particle 
fraction. This is in contradiction with the phenomenological (Harker and Temple, 
1988) and the coupled-phase (Gibson and Toksöz, 1989) theories (Fig. 43). Here, it is 
shown that as the sound speed decreases with increasing particle fraction in the low 
concentration range (up to 0.25%vol). Probable reason for that is that the effective 
compressibility may be overestimated (predicted values are too high). In other words, 
there is too small gain of suspension stiffness with increasing particle fraction, as it is 
shown in Tables 11-12.  This simple analysis indicates that effective sound speed of 
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suspension may actually increase with increasing particle fraction, see in (Fig. 44b) 
and not decrease, as predicted by Urick (Eq. 2.10).  
On the other hand, the experimental results in Fig. 42 comply with the multiple 
scattering theory (as shown in Fig. 43, broken line), where sound speed of suspension 
increases with particle fraction within the whole concentration range. According to 
this theory, the sound intensity decreases with square amount of particles. This can be 
interpreted that either the effective stiffness or the effective density of suspension 
attenuate the sound more, or both effects have influence to some degree (Fig. 44a). 
However, taking into considerations calculations performed in Tables 11-12, it can be 
concluded that the effective compressibility of suspension plays more important role, 
than the effective density and this leads to increase of the effective sound speed for 
increasing concentration. 
 
 
Fig. 42 Measured sound speed of water and water-particle for mixer speed 1.84 m/s, as a 
function of temperature. 
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Fig. 43 Sound speed in a suspension of 0.55 µm radius particles of kaolin – reference plot 
obtained from paper by Harker and Temple (1988). 
 
Table 11 Calculation of the suspension sound speed based on Urick relations (Eq. 2.10). 
Particle mass 
fraction, %wt 
Effective density of 
water-glass particle 
suspension (according to 
Urick eq.), g/cm3 
Effective 
compressibility of 
water-glass particle 
suspension, Pa-1 
Sound speed, m/s 
0.26 1.022 4.745E-10 1436.30 
0.51 1.023 4.740E-10 1435.96 
0.77 1.025 4.735E-10 1435.61 
1.02 1.026 4.731E-10 1435.28 
1.28 1.028 4.726E-10 1434.93 
1.53 1.029 4.721E-10 1434.60 
1.78 1.031 4.716E-10 1434.27 
 
Table 12 Calculation of the suspension sound speed based on Urick equation for the effective 
density (Eq. 2.10) and hypothetical values of effective compressibility of suspension. 
Particle mass 
fraction, %wt 
Effective density of 
water-glass particle 
suspension (according to 
Urick eq.), g/cm3 
Hypothetical effective 
compressibility of 
water-glass particle 
suspension, Pa-1 
Sound speed, m/s 
0.26 1.022 5.000E-10 1399.21 
0.51 1.023 4.800E-10 1427.01 
0.77 1.025 4.600E-10 1456.59 
1.02 1.026 4.400E-10 1488.23 
1.28 1.028 4.200E-10 1522.08 
1.53 1.029 4.000E-10 1558.51 
1.78 1.031 3.800E-10 1597.82 
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Fig. 44 a) Theoretical effective compressibility and density of suspension, according to Urick 
(Eq. 2.10); b) Reduced compressibility increases the suspension sound speed in low-
concentration region. 
 
2.6.9 Sound attenuation measurement test 
 
There are three important phenomena that must be accounted for when 
interpreting attenuation spectra of suspensions:  
1) Type of particles (which defines the type of dominating sound loss). For 
example rigid and heavy particles will produce different shape of 
attenuation spectrum than soft particles due to influence of different type of 
sound loss mechanism (Dukhin and Goetz, 2002).  
2) Volume fraction (which defines a free space between particles that 
demarcates frequencies that are the most and the least exposed to 
attenuation). 
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3) Particle-particle structural interactions (particles forming larger 
conglomerates at certain conditions will influence the “effective” particle 
size). 
On top of that there is the fourth phenomenon which influences attenuation 
spectrum for flowing suspension: 
4) Flow speed and flow turbulence intensity. 
Regarding the first effect, the attenuation spectrum for glass beads (Figs.  46- 47) 
resembles the spectrum obtained by Dukhin and Goetz (2002) for 120 μm quartz 
particles in water (Fig.  48). This type of spectrum - with a characteristic peak of 
maximum attenuation, is obtained for rigid, heavy particles in water.  
Regarding the second effect, the frequency at which sound wave reaches 
maximum attenuation is called the critical frequency,    . It is related to the particle 
size or inter-particle distance, from which the latter one depends on particle volume 
fraction (according to the Viscous Loss Theory). Using Eq.2.13 and an example from 
the test (mixer speed 1.56 m/s,    =8.9 MHz and particle fraction 2.03%wt 
(0.85%vol)), calculated particle size is 0.19 µm. This size is much smaller than actual 
particle size 20–40 μm, which may suggest that not the high volume fraction, but the 
high shear flow effects strongly reduces the viscous layer thickness and promotes 
particle-particle interactions.  
Regarding the third effect, it can be noticed in Fig.  46 that     increases for 
fractions up to 3.97%wt (from ~8.3 to ~9 MHz) and then it is drastically reduced for 
5.85%wt (to ~8 MHz). This increase can be associated with increase of particle 
fraction, as obtained by Dukhin and Goetz (1996). Whereas, the frequency decrease 
could be explained by the particle clustering effect initiated at 3.74%wt (as observed 
during the test, see Fig. 45), resulting in critical frequency reduction for new, larger 
“particle size” created from agglomerated particles.  
 
 
Fig.45 Floating clusters of glass particles initiated at mass fraction 3.74 %wt (appearance after 
turning off the mixer). 
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Fig. 46 Measured sound attenuation as a function of particle mass fraction in water, at mixer 
speed 1.56 m/s. 
 
Regarding the fourth effect, the sound attenuation in water-particle mixture 
depends on flow speed, see in Fig.  47a-e. Increase of flow speed causes the signal to 
be more attenuated, this is especially manifested in cases of high mixer speeds 1.84 
and 1.98 m/s. Sound attenuation takes place within the whole useful sound absorption 
range 2-12 MHz, but the highest attenuation is around the critical frequency, 8-9 
MHz. It can be concluded that sound attenuation depends on flow speed, most likely 
via turbulence intensity. This effect is due to sound absorption and scattering by 
internal turbulent structures. 
Average standard deviation plots in Fig. 49 indicate that flow at all mixer speeds 
became increasingly unstable, as standard deviation grows up to 3.74%wt. An 
interpretation of such effect is the following: signal fluctuation increases for 
increasing amount of particles in water, because a particle inertia force becomes more 
powerful, affecting flow stability and therefore an instantaneous ultrasonic signal. At 
higher fractions, the standard deviation exhibit constant level, however only a few 
points were measured here. Extra disturbances at high mixer speed, like 1.84 m/s, are 
related to high turbulence intensity.  
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a) 
b) 
c) 
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Fig. 47 a-e) Measured average sound attenuation for low concentration 0 – 9.35%wt glass 
particles in water flow, for mixer speeds from 1.56 to 1.98 m/s and sound frequency 1 - 14 
MHz. 
 
 
d) 
e) 
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Fig. 48 Measured attenuation spectra for 120µm quartz particles in water – reference plot 
obtained from paper by Dukhin and Goetz (2002). 
 
 
Fig. 49 Measured average standard deviation for low concentration 0 – 9.35%wt glass particles 
in water flow, for mixer speeds 1.56 m/s (a) and 1.84 m/s (b).  
 
 
a) 
b) 
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Evaluation of the sound measurement accuracy  
It is well known that the coefficient of ultrasonic absorption in pure water is 
proportional to the frequency according to Stokes equation (1841), Eq. 2.15 in section 
2.6.5. In order to verify accuracy of the sound attenuation method, the sound 
attenuation coefficient was calculated for static water and a few cases of concentrated 
suspensions flowing at mixer speeds 1.56 and 1.98 m/s, using the equation: 
             
  
           
   
   
    
 (2.20) 
Where,     is the reference intensity of ultrasound pulse acquired directly from 
the signal generator (Fig. 50, blue line),      is the pulse intensity after propagation 
through the transducers and the sample (Fig. 50, red line),   is the pulse frequency 
and   is the sample width. Test values for static water are a little bit higher than the 
reference obtained by Dukhin and Goetz (2002) for distilled water, where α(10 
MHz)=0.025 dB/cm/MHz  and α(52 MHz)=0.1 dB/cm/MHz, as the value obtained in 
the test is α(10 MHz)=0.1 dB/cm/MHz.  However, attenuation of box walls 
influenced the total measured attenuation, as water and the walls were measured 
together (due to lack of possibility for accurate sound attenuation measurement of 
pure fluid). Regarding spectra for particles for 1.56 m/s, shape of spectra resembles 
the one obtained by Dukhin and Goetz (2002) for 120 μm quartz particles in water. 
Here, the maximum attenuation is at ~9 MHz, having value 1.5 dB/cm/MHz for 3%vol 
of particles and 2.5 dB/cm/MHz for 5%vol. For comparison, the experimental data 
obtained in this paper give maximum sound attenuation 0.18 dB/cm/MHz for 20-40 
μm glass particles at 8.9 MHz, for 2.03%vol (0.85%vol) and 0.23 dB/cm/MHz for 
3.97%vol (1.7%vol) at 8.5 MHz. Comparison using proportion relations results in 
conclusion that the obtained test data are within proper sound attenuation range. 
When it comes to spectra obtained for higher mixer speed 1.98 m/s, they are modified 
in shape and have increased sound attenuation due to turbulent flow speed. This is 
according to the stated hypothesis, saying that fluid flow speed will influence sound 
attenuation measurement. 
Calculated sound attenuation coefficient for static water indicates good accuracy 
of the attenuation method within frequency range 4-12 MHz with the used 
experimental setup (an ultrasonic transducer determines broadband measurement 
limit, as well as quality of an incident wave), as within this frequency region sound 
attenuation increases with frequency (Fig. 51).   
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Fig. 50 Spectra of an incident square pulse and pulse acquired for static water in TT test. 
 
Fig. 51 Attenuation frequency spectrum for static water (corresponding to Fig. 50). 
 
Fig. 52 Attenuation frequency spectrum for water and water-particle mixtures (1-4%wt) flowing 
at mixer speed 1.56 m/s. 
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Fig.53 Attenuation frequency spectrum for water and water-particle mixtures (1-4%wt) flowing 
at mixer speed 1.98 m/s. 
 
Factors influencing sound attenuation measurement uncertainty  
Factors that will contribute to the overall uncertainty of ultrasonic sound 
attenuation measurements of water-particle flow are the same, as listed in the study of 
uncertainty of sound speed measurements, see Fig. 54.  
Based on obtained experimental results, factors that decrease voltage amplitude 
(increase sound attenuation) are:  
 the particle fraction -   (case 1),  
 the flow speed -   and the turbulence intensity -       (case 2), 
 intrinsic losses in a continuous medium, i.e. water (case 8).  
Effects that increase voltage amplitude (decrease sound attenuation) are:  
 the air bubble fraction -    (case 3) at higher frequencies (  > 12 MHz), 
 initiation of particle clustering (case 4) - according to a hypothesis that 
binding of small particles into clusters will result in smaller amount particles 
along the sound beam path, than for non-clustered ones, transferred sound 
energy will increase for clusters that are even of higher fraction than non-
clusters, as it occurred at fraction 5.85%wt in the test (Fig.  46). 
 increasing temperature of the acrylic walls -       (case 5) and water -        
(case 7). However, the latter effect has not been verified by the temperature 
test.  
Regarding (case 6), measurements of suspensions will depend on the reference 
amplitude dependent on medium temperature (due to relative plotting, as shown in 
Fig.  46).  
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Fig. 54 Factors influencing sound attenuation of low concentration water-glass particle mixture, 
in high-shear flow. 
 
2.6.10 Ultrasonic measurement of small gas bubbles in liquid-
particle flow  
 
Ultrasonic nature of air bubbles 
Individual air bubbles were occasionally flowing along the sound beam path, 
especially at high mixer speeds 1.84 and 1.98 m/s, which could influence the sound 
attenuation measurement error. Based on measurement results, the following has been 
concluded: 
 Air bubbles produced noise in the time-dependent signal in form of a spike 
or a cloud of noise (figure a),  
 They amplify sound at higher frequencies (>12 MHz), however, do not 
influence sound at lower frequencies (<12 MHz) that is used for analysis of 
liquid-particle system (figure b).  
 Sound amplified due to air bubbles has low values of spectral amplitudes, 
comparing with sound for particle suspension, which is related to better 
statistics for the suspension (high number of samples acquired), than for air 
bubbles (appearing only sporadically).  
 High flow turbulence intensity is reflected in unstable standard deviation 
plots (figure c). Higher frequencies (>8 MHz) experienced a large deviation, 
while lower ones (10 kHz-8 MHz) were affected in the way that an average 
deviation level was not exceeded. Presence of air bubbles could have 
contributed to that in some degree, in addition to turbulent movements of 
water and particles.  
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Resonating air bubbles in the acoustic field 
According to Dukhin and Goetz (2002): “Acoustic waves propagating through a 
fluid containing air bubbles cause the bubbles to resonate. They vibrate and scatter 
acoustic energy of the sound beam. In addition, they create temperature oscillations 
that result in thermal absorption. Viscous absorption by air bubbles is relatively less 
important”. According to this statement, amplification of sound amplitude by air 
bubbles within high frequency range, as obtained in the performed test (Fig. 55), can 
be explained by their vibrations in the sound field, causing sound resonance when 
ultrasound wave propagates through them.  
 
 
Fig. 55 a) Fifteen samples of acquired square signal, from which two of them “captured” air 
bubbles; b) The average frequency spectrum consists of separate ranges for analysis of liquid-
particle system (<12 MHz) and  air bubbles (>12 MHz) respectively; c) The average standard 
deviation range is splitted in the same way as in b). 
 
The conclusion is that measurement error due to presence of individual air 
bubbles in the flow is insignificant within frequencies used for suspension analysis 
(<12 MHz). However, signals with large noise from air bubbles should be discarded 
from analysis, in order to assure the highest accuracy of measurement. 
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2.6.11 Conclusions  
 
General conclusions 
 Low concentration systems of solid particles in liquid in high shear flow can 
be studied using the Broadband Ultrasonic Attenuation Spectroscopy and 
sound speed techniques. The sound attenuation method is basic, while the 
sound speed method is complementary and verifying.  
 There is potential for simultaneous estimation of average particle 
concentration in high shear flow (for known flow speed) and flow speed 
using a square pulse for Broadband Ultrasonic Attenuation Spectroscopy 
measurement. Sound attenuation is dependent on concentration and flow 
speed, while sound phase shift is dependent on flow speed (which could be 
measured according to the Transit Time Difference technique using a square 
pulse). 
 Flow turbulence intensity in liquid and liquid-particle systems can be studied 
using combination of mentioned techniques, however especially using the 
sound attenuation measurement. 
 Determined sound attenuation coefficient for static water indicates good 
accuracy of the attenuation method within frequency range 4-12 MHz with 
the used experimental setup. Experimental results from the attenuation test of 
suspensions point to the useful frequency range 2-12 MHz (there is a noise 
region for higher frequencies due to too small signal amplitudes). 
 The effect of particle clustering and appearance of individual air bubbles can 
be studied using the sound attenuation method. 
 Important effects like temperature of a system (mixture and cell walls – for 
the external type of measurement), flow turbulence intensity, air bubble 
fraction and particle clustering need to be taken into account for correct 
interpretation of sound attenuation signals acquired for suspensions. 
 An important discovery is that the acoustic superposition theory proposed by 
Dukhin and Goetz (2002) is missing one element,      . Therefore this extra 
element shall be added to total sound attenuation in colloids:         
                      , where       is the sound loss mechanism 
present in turbulent flows, where turbulent structures like vortices and eddies 
attenuate the  sound travelling through them. This sound loss is especially 
pronounced in case of liquid-particle suspensions, however is also present 
for single phase, liquid flows. 
 In order to account for turbulence effects in acoustic models for particulates, 
turbulent flow and related drag coefficient for high Reynolds numbers need 
to be considered, (see, Manninen and Taivassalo, 1996). 
 
Conclusions from the sound speed test  
 Effective sound speed in a flowing medium should generally increase when 
the sound beam is in the direction of flow and can be thought of as a 
superposition principle. However, sound speed of water with glass particles 
for fractions higher than 1%wt was reduced by increased flow speed and flow 
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turbulence intensity even up to 5 m/s. This effect gets stronger for increasing 
particle fraction (based on measurement results using the Pulser-Receiver). 
 Sound speed of water with particles follows sound speed of water closely for 
varying water temperature (see the reference - Fig. 8 in Paper II). For fixed 
flow speed (but not highly turbulent) and constant temperature, presence of 
particles increased the sound speed. This result complies with the multiple 
scattering theory (Schwartz and Plona, 1984), but fails to comply with the 
hydrodynamic theory (Harker and Temple, 1988) and the phenomenological 
theory (Urick, 1947). This may be explained by overestimation of the 
effective compressibility (it shall be lower than predicted) dominating the 
effective density in the low concentration region by these theories, otherwise 
considered in the multiple scattering theory (sound intensity reduction 
proportional to number of scattering particles). Therefore, it can be 
concluded that Urick equation (Eq. 2.10) underestimates the effective 
compressibility of suspension. 
 To eliminate the effect of influence of temperature on sound speed for flow 
speed determination based on a superposition principle, the sound speed 
needs to be measured simultaneously with the flow and against it, as it is 
performed in commercial ultrasonic flow meters using the TTD method. 
Flow speed can therefore be measured independently on temperature. Such 
settings were not possible in the test. 
 Sound speed in the acrylic wall in our tests decreases with increasing 
temperature at a rate of 2.86 m/s per 1
o
C (see the reference - Fig. 10 in 
Paper II). This causes a slight underestimation of the mixture sound speed. 
For thin walls, this represents a small fraction of the total sound speed, which 
can be calibrated and compensated for.  
 
Conclusions from the sound attenuation test 
 Signal amplitude decreased for increasing particle mass fraction up to 
9.38%wt (2-12 MHz). This relation was sustained for all tested flow speeds, 
which correspond to mixer speeds from 1.56 to 1.98 m/s. Generally, at 1.56 
m/s, signal amplitudes decreased from 100 to ~10% relatively to the 
reference signal for static water, while at 1.98 m/s, from 55 to 3%. 
 Comparison of the sound attenuation values for suspensions at lowest mixer 
speed (1.56 m/s) with the reference data by Dukhin and Goetz (2002), results 
in conclusion that the sound attenuation accuracy is within the expected 
range. As example, for 2.03%wt (0.85%vol), the maximum sound attenuation 
coefficient is 0.18 dB/cm/MHz and for 3.97%wt (1.7%vol) it is 0.23 
dB/cm/MHz. 
 Signal amplitude decreased for increasing flow speed and flow turbulence 
intensity, in case of water and particle suspension. As an example, for 
concentration 2.02%wt amplitude decreased from 55%rel (0.18 dB/cm/MHz) 
at mixer speed 1.56 m/s to 19%rel (0.24 dB/cm/MHz) at speed 1.98 m/s (at 
example frequency of 8.8 MHz). According to Winkler, (2010): “’Only 
recently, some of ultrasonic Doppler flow meters have been developed to 
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work with clean liquids, reflecting off turbulent swirls”. This confirms 
sensitivity of ultrasounds to flow turbulence. 
 Standard deviation of attenuation measurements increased with increasing 
particle fraction up to approximately 4%wt, as a result of enhancement of 
flow turbulence intensity by particle inertia force. In qualitative terms, a 
standard deviation increased from 15% for the water case, to 55% for 
3.97%wt particle fraction (at chosen frequency of 8.8 MHz). 
 The sound loss due to flow turbulence has significant influence on ultrasonic 
measurements and needs to be accounted for in acoustic theories to a higher 
degree than in present theories. 
 Results showed that the sound attenuation for suspension was basically 
independent on individual air bubbles that were sporadically present in flow 
of particle suspension. This is due to the fact that they affected much higher 
frequencies than the suspension. However, as a rule of thumb, it is best to 
avoid high amounts of bubbles, because they will attenuate a sound at all 
frequencies. The remedy in this case is to produce better measurement 
“statistics” for air free mixture compared to with entrained air bubbles. This 
means essentially to acquire long time or repeated time series. 
 Generally, the sound attenuation in water decreases with increasing 
temperature (National Physics Laboratory, 2010). However, the temperature 
tests for static water did not result in any clear trends (see the reference – 
section 4.3.4 Water Test in Paper II), probably due to insufficient sensitivity 
of the measurement system for detection of sound attenuation in water 
dependent on temperature (however, a different system was used in the 
concentration and flow speed studies). A problem with signal stability and 
small signal amplitude occurred, possibly due to unfavorable acoustic 
impedance of the transducer-water interface, non-perfect alignment of the 
transmitter and the receiver faces and lack of an external pressing force on 
the transducers. According to results obtained by Dukhin, Goetz and Travers 
(2005), sound attenuation depends mostly on the composition and state of 
dispersed phase of the colloid and is less sensitive to temperature variations. 
This in a way confirms that much higher sensitivity of the ultrasound system 
is required for sound attenuation testing versus temperature, than available. 
 Sound attenuation in the acrylic wall decreases with increasing temperature 
with a rate of 6∙10-5 V per 1oC, which is approximately 1.2%rel of the average 
amplitude for the mixture (see the reference – section 4.3.4 Acrylic Wall 
Test in Paper II). This effect is small; however it needs to be accounted for 
in “through-wall” measurements. Additional care should also be taken for 
sound resonances, since measurements in most test cells will be influenced 
by resonance effects both inside cell walls and possibly also internally in the 
cell volume. 
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2.7 FE calculation of acoustic field in liquid-particle 
systems 
 
2.7.1 Objective 
 
An objective of the study has been to calculate the acoustic field, i.e. distribution 
of the sound pressure that relates to the sound attenuation, in static water and water-
particle systems, in order to understand nature of wave propagation in media. 
Simulations to some degree relate to obtained earlier experimental results. The effect 
of different particle distribution and clustering effect on sound pressure is analysed.  
Note: Only partial verification of the experimental results is possible with 
chosen software. This means that some of sound losses can be studied: intrinsic 
(related to medium density), scattering (as reflection off the liquid-particle 
boundaries) and structural (influence of particle clustering) and other sound losses: 
viscous and flow speed/turbulence intensity are neglected, although they play an 
important role in the total sound attenuation, as it was shown in the experiments. 
 
2.7.2 Challenges 
 
 Simulate propagation of ultrasonic wave and sound pressure distribution in 
water and water-glass particle systems; 
 Compare simulation results with experimental results obtained in Paper II; 
 
2.7.3 Relation of simulations to experiments 
 
In order to visualize how simulations relate with the performed experiments, a 
simplified sound theory (with focus on sound energy around a particle) is illustrated 
in Fig.  56. The attenuation of sound beam hitting a particle is composed of sound 
scattering and sound absorption parts.  
Certainly, for a particle suspended in water, received sound energy (by a 
receiver) is really diminished by the sound absorption in water, in a particle and in 
cell walls. Additionally, reflections within the cell walls and the box will also cause 
reduction of the sound energy. 
 
Fig. 56 Sound attenuation theory of sound beam hitting a particle. 
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2.7.4 Simulation design 
 
Time-dependent simulation in the Acoustic Module in Comsol Multiphysics 
software was performed using 2 MHz damped sine wave as an incident source wave 
(Eq. 2.21) and the wave equation (Eq. 2.22). Water layer of length 28 mm and 
thickness 10 mm with round quartz particles of radius 250 µm distributed in water 
was designed. 
)sin()( 0
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(2.21) 
Three cases are studied: 1) pure water, 2) water with uniformly distributed 
particles with concentration 0.066 % by area and 3) water with the same amount of 
particles, but joined in clusters. For cases 2 and 3, two different particle distributions 
are studied. Absolute sound pressure (U_sum) along the beam path across the fluid 
layer at fixed time step 6.65·10
-6
 s is compared for tested cases (this is a time step 
before the wave is reflected back from the water-air interface, as the reflection will 
occur at 13.33 wavelengths at time 6.665·10
-6 
s). An incoming wave travels from the 
transducer located on the right hand side of the layer. 
 
Table 13 Calculated acoustic sound pressure for various fluid systems. 
Case 
Absolute sound 
pressure (U_sum) 
1. Water (Fig. 57) 6.96 
2. Water with dispersed particles – creating a “tunnel” 
for ultrasonic wave to pass through (Fig. 58) 
9.81 
3. Water with dispersed particles – “blocking” 
ultrasonic wave to pass through (Fig. 59) 
5.58 
4. Water with clustered particles – creating a “tunnel” 
for ultrasonic wave to pass through (Fig. 60) 
7.94 
5. Water with clustered particles – “blocking” 
ultrasonic wave to pass through (Fig. 61) 
3.56 
 
One wavelength travels in water in                         mm, 
while in 10 mm there are:               wavelengths. One wavelength travels for 
             s, and 13.33 wavelengths travel in 6.665·10-6 s.  
Other parameters are: time stepping 1·10
-8
: 4·10
-8
: 1·10
-5 
s, triangular element 
type, Neumann boundary condition (natural boundary condition)           for 
external boundaries. 
 
The wave equation   
 
    
 
   
   
 
 
  
 
 
  
 
  
  
  
 
  
 
 
  
 
  
  
    (2.22) 
Equation parameters are:   is the wave pressure,    is medium density,   is 
medium sound speed,   is the source wave,   is distance and   is time. 
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2.7.5 Results 
 
 
Fig. 57 Right: Acoustic field in water layer. Left: cross-sectional plot of sound pressure along 
longitudinal, mid transducer’s axis across the layer.  
 
Fig. 58 Right: Acoustic field in water with uniformly distributed particles. Left: cross-sectional 
plot of sound pressure along longitudinal, mid transducer’s axis across the layer. 
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Fig. 59 The same as for Fig. 58, but this time particles are shifted upwards, “blocking” the 
incoming sound beam. 
 
Fig. 60 Right: Acoustic field in water with particle clusters. Left: cross-sectional plot of sound 
pressure along longitudinal, mid transducer’s axis across the layer. 
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Fig. 61 The same as for Fig. 60, but this time particle clusters are shifted upwards, “blocking” 
the incoming sound beam. 
 
2.7.6 Conclusions 
 
 In order to understand the nature of wave propagation in water and water-
particle system, a time-dependent simulation was performed using Comsol 
Multiphysics software. 
 Intrinsic, scattering and structural sound losses composing the total sound 
attenuation have been calculated for particle suspension and only intrinsic 
sound loss for water. 
 Propagation pattern of sound wave in water is regular, while presence of 
particles introduces disturbances. This means that in addition to the sound 
absorption due to particles, sound scattering causing sound pressure 
amplification or reduction is present, which depend on particle distribution in 
liquid.  Particles “blocking” the incoming sound wave scatter it effectively 
(cases 3 and 5 in Table 13), while particles creating a “tunnel” for the wave 
reflect it and enhance its energy through the resonance effect (cases 2 and 4 
in Table 13). While sound attenuation due to absorption and scattering from 
particles is expected in real experiments, sound amplification is a 
phenomenon hypothetically possible only for static/“frozen-like” suspension 
of fixed and sound amplification favourable particle arrangement.  
 Generally, structural sound loss is stronger for particles joined in clusters 
(cases 4-5 in Table 13) than for non-clustered ones (cases 2-3 in Table 13); 
however simulation result (case 4 in Table 13) has shown that theoretically it 
is possible that wave pressure can be increased by the clustering effect 
comparing to case of pure water (case 4 in Table 13). 
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 Particles in water may either damp or amplify sound in a higher degree than 
water. The first effect is more realistic for suspension, due to naturally 
mixed, chaotic arrangement of particles. 
 Comparing simulation and experimental results, the sound loss effect due to 
particles is more realistic than the amplification effect; however the 
simulation has shown that observed in the experiment sound amplification 
due to beginning of clustering process is also possible. 
 This simplified simulation approach does not consider real flow conditions, 
where often interactions between particles occur as well as turbulent flow 
structures at high flow speeds, however illustrates well phenomena of 
attenuation of sound wave in homogenous fluid and two-phase dispersion. 
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3 Complementary study  
 
3.1 Objectives 
 
 Design and build an advanced, small scale, rotational flow cell with annular 
flow channel for study of liquid-particle flow; 
 Study ultrasonic methods for measurement of average flow speed in liquid-
particle system; 
 Verification of ultrasonic results by PIV; 
 Studying of acoustic streaming in liquids;  
 
3.2 Challenges 
 
 Supervision of the Crisma cell production by Forus Industri AS (Crisma 
Plastics) in Stavanger; 
 Flow test using the Crisma cell in the multiphase flow laboratory at UiS;  
 Measurement of flow velocity of water with glass particles suspension in the 
Crisma cell using ultrasonic Transit Time Difference (TTD) and Particle 
Image Velocimetry (PIV) methods.  
 Measurement of flow velocity of water with glass particles suspension in the 
small square box using cross-correlation of ultrasonic backscattered signals; 
 Determination of velocity profiles of different liquids using Particle Image 
Velocimetry (PIV) method; 
 
3.3 Design of small scale rotational flow cell (the 
Crisma cell) 
 
3.3.1 Applications 
 
The Crisma cell offers studying of the following applications: 
 Measurement of concentration profile (axial/vertical - along the flow channel 
height, transverse/horizontal – across the flow channel – more challenging!); 
Ultrasonic methods supported with laser based methods (PIV).  
Note: high ultrasound pulse energy is required (> 100 µJ) due to its 
travelling a relatively long distance (through box and flow channel), in order 
to obtain strong enough signal used for measurement. 
 Measurement of velocity profile of liquid and liquid with suspended particles 
(axial or transverse velocity profiles);  
 Detecting of particle bed height; Ultrasonic methods supported with camera 
based methods.  
 Study of distribution of dunes as a function of flow speed; 
 Study of liquid-particle flow regimes (particle structures) for different fluid 
velocities; 
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Figure 62 a) Suspension of 180-250 µm glass particles (35.5%wt ≈ 3.97%vol) in water, at rotor 
speed 250 RPM (3.14 m/s); b) Cross-sectional view at static (LHS) and flow (RHS) conditions. 
 
 
Fig.63 Glass particle dunes along the circular flow channel. 
 
 
3.3.2 Cell design 
 
Material: transparent acrylic plastic for two cylinders, the cover and the box, metal 
motor’s shaft 
Measurement volume: V= 2860 mL 
Channel dimensions: height H=86 mm, width W=45 mm 
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Fig. 64 The Crisma cell design – front and top views. 
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Fig. 65 The Crisma cell design – cross-sectional view. 
 
3.3.3 Driving system of the cell 
 
 Stepper motor (Farnell QuickStep motor MIS231 - delivered from JVL 
Industri Elektronik A/S, 12V, 0.6A, holding torque 550 mN·m); 
 Stepper motor driver (Farnell, 30V DC, 2A (current and voltage of the driver 
must exceed current and voltage  of the motor); 
 Farnell backplane card with connectors for the driver and a power supply; 
 A suitable enclosure; 
 
Design calculations for a stepper motor 
Choice of type of stepper motor has been based on design calculations presented 
in Tables 14-19. The following parameters have been calculated: the linear rotor 
frequency, a displacement of the rotor by a single pulse, the maximum total torque 
consisting of the viscous and the inertia torques. 
 
Table 14 Calculation of angular and linear rotor frequencies. 
R_av(m) 
Motor RPM 
(rev/min) 
Rotor speed, 
U=2πr·RPM (m/s)  
Angular rotor freq., 
ω=U/r (rad/s) 
Linear rotor freq., 
 f= ω/(2π) (Hz) 
0.125 40 0.5 4 0.64 
0.125 80 1 8 1.27 
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Table 15 Calculation of required rotor frequency. 
 
Linear rotor freq., f0 (Hz) 
No.of steps/1 revolution  
(pulses per 1 rotation) 
Required rotor freq.,  
fr=f0·steps (Hz) 
0.64 200 127.32 
1.27 200 254 
 
Table 16 Calculation of the friction force and the viscous torque. 
Fluid 
viscosity, 
μ (Pa·s) 
R1 
(m) 
R2 
(m) 
A=π(R2
2-
R1
2) (m2) 
H 
(m) 
U 
(m) 
Friction force, 
Fw=µU(A/H) 
(N) 
Viscous torque, 
Tν=Fw(R1+R2) 
(mN·m) 
0.001 
(water) 
0.105 0.145 0.03 0.1 0.5 1.57e-4 0.02 
0.001  0.105 0.145 0.03 0.1 1 3.14e-4 0.04 
0.01 
(slurry) 
0.105 0.145 0.03 0.1 0.5 1.57e-3 0.2 
0.01  0.105 0.145 0.03 0.1 1 3.14e-3 0.4 
 
Table 17 Calculation of a displacement of the rotor plate by a single pulse. 
No.of 
pulses/rotation 
Pulse/no.of rotations, 
p=1/steps  
One rotation 
(circumference), 
C=2πR2 (m) 
Displacement of plate 
by signle pulse,  
x=pC (mm) 
200 0.005 0.91 4.4 
 
Table 18 Calculation of the torque due to mass of the plate (related to inertia of the plate). 
Plate 
volume 
(m3) 
Acrylic 
density 
(kg/m3) 
Plate 
mass 
(kg) 
U 
(m) 
ω 
(rad/s) 
Moment of inertia, 
I=0.5mR2
2 (kg·m2) 
Inertia torque, 
Ti=0.5Iω2 (mN·m) 
0.00164 1200 1.96 0.5 4 0.021 165 
0.00164 1200 1.96 1 8 0.021 660 
 
Table 19 Calculation of the maximum total torque. 
Rotor speed, U (m/s)  Fluid viscosity, μ (Pa·s) Maximum total torque, Tν+Ti  (mN·m) 
0.5 0.001 (water) 0.02+165 
1 0.001  0.04+660 
0.5 0.01 (slurry) 0.2+165 
1 0.01  0.4+660 
 
 
Fig. 66 Parameters of the rotating cover and the flow channel of the Crisma cell. 
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A motor needs to overcome the torque, which consists of the viscous part related 
to fluid viscosity and the inertia part of a rotating plate (Fig. 67). The viscous torque 
is insignificantly small comparing to the inertia torque. Calculated maximum torque is 
~ 660 mN·m for rotor velocity 1 m/s, however this is the torque to overcome only at 
the start up. In the later phase, torque will be consequently smaller due to inertia of 
the rotor. Therefore it was decided that motor of holding torque 550 mN·m is suitable 
for the cell. 
 
Fig. 67 Sketch of inertia torque and viscous torque of the rotating cover of the Crisma cell. 
 
3.3.4 Ultrasonic transducers configurations  
 
There are two alternatives for placing transducers for ultrasonic measurement, 
see Fig. 4 in section 2.2.2. First configuration is for transducers placed externally on 
the box walls and measurement is performed across the annular channel and the space 
between box and the cylinder, while the second one is for transducers placed in 
holders that adhere to the external cylinder wall and measurement is performed only 
within the channel (transmitted sound beam is reflected from the inner cylinder back 
to receiving transducer). Based on initial testing of sound speed measurement using 
TTD technique, it turned out that the only first configuration gives reliable results. A 
problem with the other configuration is that the path of the sound beam is too short to 
be influenced by flow speed. This is not the case for the first alternative due to long 
enough distance along the flow channel for sound to travel with and against the flow. 
 
3.3.5 Testing of the cell  
 
Several adjustments related to proper flow cell operation have been implemented 
after the cell was initially tested in the multiphase flow laboratory at UiS. Speed of 
the flow cell is remotely controlled using the step motor’s software “MacTalk” 
installed on the computer. Maximum speed of 270 RPM (3.4 m/s) was determined 
due to appearance of large “air ring” right under the rotating cover, causing unstable 
flow pattern. Suitable running current is 0.5-0.8 A and voltage is 5V, which gives 
power of 2.5-4W. This protects motor from overheating. Mounting of the cover has 
been improved by putting a metal disc on the shaft and under the cover in order to 
minimize its vertical movement and smooth out rotational one. Additional parts have 
been mounted to the cell, which are used for holding ultrasonic transducers at chosen 
level during an ultrasonic measurement.  
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3.3.6 The simple Couette flow – theoretical calculations 
 
A formula for calculating the angular velocity of a rotating object (rotor) is 
written as: RPM=U/C=U/(2πr). Where, U is the linear velocity of a point in the rotor 
(in units of distance/minute), C refers to the circumference of the circle that this 
measuring point performs around the axis of rotation. 
For the simple Couette flow, the shear stress for a Newtonian fluid, at a surface 
element parallel to a flat plate at the point y is given by: τxy=µ(∂u/∂y). Where, dy is the 
distance measured from the bottom plate (dy=y2-y1, y1=0 mm) and corresponding 
velocity of the fluid is du=u2-u1 (u1=0 m/min), μ is the dynamic viscosity of the 
fluid. Fluid velocity is calculated as: u=U(y/h). As there is no pressure drop along the 
channel due to closed system, (dp/dx)=0. Flow calculations are presented in Fig. 68.  
 
3.3.7 Theoretical flow characteristics 
 
 Constant fluid shear stress along the flow channel height; 
 Maximum flow velocity is at the top of flow channel and zero velocity at the 
bottom; 
 Mean linear flow velocity range is 0.01-3.4 m/s (1-270 RPM). It is measured 
at the top of flow channel for average radius. Velocities correspond to 
Re=450-175 500 (laminar and turbulent flow regimes). 
 
Fig. 68 Theoretical calculations for the simple Couette water flow in the rotational cell.  
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3.3.8 Observed flow characteristics 
 
Based on initial tests, naked-eye observations and initial high speed camera 
recordings, it has been observed that: 
 Ideal seeding particles for PIV measurement are small size glass beads 20-40 
µm added to water in the amount 10 g (most of heavy particles will be swept 
on the inner cylinder wall and light particles will float in water, like neutrally 
buoyant ones); The smaller amount of particles will also be suitable; 
 Ideal aqueous suspension is created for glass particles in the size range 180-
250 µm and of mass 300 g (corresponds to concentration 35.5 %wt or 3.97 
%vol) and density 2.64 g/cm
3
, flowing at rotor speed 250 RPM (3.14 m/s); 
 Gas bubble “ring” appears just under the rotor (the higher flow speed, more 
developed and unstable it becomes); 
 In case of suspension flow type, in addition to the main flow along 
longitudinal direction, there is also the secondary transverse flow in the in 
area of at the cell bottom - particles are accumulated at the inner wall of the 
flow channel. The secondary flow type has a disturbing effect on the main 
flow, which can be seen only when heavy particles are placed in the cell (but 
not in case of pure water). Fig. 69 shows how the flow pattern can look like 
in the Crisma cell. Another approach of possible side flow pattern – probably 
the most pronounced in the walls area, but it would not be the main flow 
pattern, is shown in Fig. 70. Here, the flow pattern would be toroidal or helix 
like. 
 Creeping dunes are formed at low rotor speeds 30-100 RPM (0.37-1.25 m/s), 
for high amount of medium sized (106 µm, 180-250 µm) glass particles, 
which create a thick bed >1cm on the cell bottom. After flow is established, 
dunes tend to be symmetrically distributed along the flow channel; 
 
Fig. 69 Flow patterns in small scale rotational Crisma cell for cell filled with water and light 
“seeding” particles. 
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3.3.9 Conclusions 
 
 Small scale rotational flow cell (Crisma cell) offers wide range of possibilities 
for study of liquid-particle flow at various flow regimes, like suspended 
particles and dunes and characterization of the flow pattern (main flow and the 
secondary flow effect).   
 Concentration and velocity profiles of liquid-particle systems can be measured 
in the Crisma cell.  Acoustic and laser based methods can be used (PIV, 
concentration determination from images).  
 The simple Couette flow of constant fluid shear stress along the flow channel 
height and linear velocity distribution (maximum at the top, zero at the bottom) 
apply in the cell according to theoretical considerations, for Newtonian 
fluid,(water). 
 
3.4 Ultrasonic TTD measurement of mean axial flow 
velocity distribution in the Crisma cell  
 
3.4.1 Objective 
 
The objective has been to perform feasibility study of the ultrasonic Transit 
Time Difference (TTD) performance in the annular channel of the Crisma rotational 
cell. The issue of flow velocity measurement using this method has been raised in 
Paper II, therefore the study is useful for illustration of the method’s nature in real 
application. Ultrasonic flow velocity will be correlated with velocity determined using 
Particle Image Velocimetry (PIV) method, based on images recorded by high speed 
camera. 
 
3.4.2 Challenges 
 
 Obtain readable ultrasonic signal across the annular flow channel of the 
Crisma cell, at static and flow conditions for water and water with suspended 
glass particles; 
Fig. 70 A toroidal object. 
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  Obtain ultrasonic signals, which have different time of flights for propagation 
in direction with the flow and against the flow, in order to determine average 
flow speed by TTD  method; 
 Recording of water and water-glass particle flow images using a laser and a 
high speed video, for further future determination of flow velocity maps from 
correlation of PIV and ultrasonic results; 
 
3.4.3 Test for flow of water and water with particles 
 
Measurement of mean axial flow speed was performed for water and glass 
particle suspension (180-250 µm, 35.5 %wt), using the ultrasonic Transit Time 
Difference (TTD) method in the annular flow channel of the small scale rotational test 
cell. Two independent tests have been carried out in order to validate obtained data. 
Measurement was performed through flowing fluid in the middle of the flow 
channel and through “static” water, used only for transmitting the pulse to the flow 
channel and for ability to look through the cell, in space between the outer cylinder 
and the square box (see Fig. 4, alt.1). Transducer positions were changed along box 
height from 8 (on the top) to 1 cm (on the bottom) with step of 0.25 cm. Rotor speed 
was 250 RPM (3.14 m/s). Expected, calculated mean axial flow speed (velocity 
profile) in the mid width of the channel ranges from 3.14 m/s at the top of the channel 
to 0 m/s at the bottom and is presented in Fig. 68d. Shear stress is constant, having 
value of 36.5 mPa, see in Fig. 68b. 
A spike pulse of parameters 500 Hz and 100 µJ generated by the Pulser-
Reciever was used in the test and Through-Transmission mode was chosen. However, 
signal was collected by the ultrasonic preamplifier (and not by the Pulser-Receiver) 
due to desired amplification of signal.  
Absolute positions (times) of ultrasonic pulses have been recorded, as tWF for 
time of the pulse travelling with the flow and tAF for time of the pulse travelling 
against the flow direction. Difference between them has been calculated as DT=tAF – 
tWF  (see Fig. 72a, c), which corresponds directly to flow velocity via equation for the 
sound beam travelling in direction parallel to flow direction:              
              , where   is the distance between receiving and transmitting 
transducers. For averaging purpose, 20 signal samples each for cases with and against 
the flow have been recorded, from which standard deviation has been calculated 
(Figs. 72 b, d).   
Proper values of sound speed can be verified using other measurement method, 
like the Particle Image Velocimetry (PIV). Initial PIV tests have shown that there is 
the secondary flow effect, observed in transverse cross-section, in addition to the main 
flow along axial cross-section (Fig. 69). 
  
Ultrasonic TTD measurement of flow velocity in a rotational cell (complementary study) 
 
 
89 
 
Fig. 71 Flow speed measurement in the small scale rotational cell, using ultrasonic the Transit 
Time Difference technique. 
 
 
Fig. 72 Transit Time Difference ultrasonic measurement of flow velocity for water-particle 
suspension (a) and pure water (c). Corresponding standard deviations (b, d). Data presented as 
time of flight difference (s). 
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Fig. 73 Data from Fig. 72 converted into average fluid speed values (m/s) for water-particle 
suspension (a) and pure water (b). Comparison of flow velocity data with theoretical values (c). 
 
The following conclusions have been made based on results presented in Figs. 
72 -73: 
 Generally, the time of flight difference (DT) corresponding to mean fluid 
axial velocity in case of water-particle flow, slightly decreases towards the 
channel bottom (Fig. 72 a). This is in agreement with theoretical predictions 
in Fig. 68. 
 Standard deviation for water-particle flow (calculated based on 20 samples) 
increases at the channel bottom, which is due to larger flow fluctuations than 
at the bottom of the cell due to presence of particles in high concentration 
than at the top (Fig. 72 b); 
 Time of flight difference (DT) in case of water flow seem to decrease 
towards the channel bottom, however this is not evident (Fig. 72 c). There is 
large scattering of data points, which indicate on large flow fluctuations 
along the whole channel height. Normally, greater scattering of points would 
be expected for flow of particle suspension rather than for pure water, as the 
effect of particle inertia, while an opposite result was obtained. The 
associated hypothesis is that distribution of kinetic energy in water with 
particles is shifted towards top of the flow channel, due to particles 
occupying space at the bottom, which means that the energy is damped by 
particles at the bottom. This would not be the case for pure water flow, 
where kinetic energy is more evenly distributed along the channel height, 
which results in significant scattering of data points. This hypothesis is 
confirmed by the sensitivity test result for flow fluctuation in section 3.4.4) 
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 Standard deviation for water flow (calculated based on 20 samples) is 
approximately constant over the channel height, which confirms that high 
amounts of particles caused significant flow fluctuations at the channel 
bottom (Fig. 72 d); 
 Time of flight difference (DT) data converted into flow speed values give 
much lower speed than theoretically predicted (Fig. 73). The reason for that 
may be the complex flow pattern consisting of secondary flow structures 
(see, Fig. 69), slowing down the main flow along the flow channel. Other 
possible reason could be that smaller part of energy is transmitted into fluid 
from the driving plate due to appearing of a gas ring under the plate, than it 
would be without it. 
 
3.4.4 Ultrasonic sensitivity test for flow fluctuations 
 
Flow fluctuations over long time have been studied by running series of TTD 
measurements. Each of 6 series has been taken every 1.5 min, which gives total 
measurement time of 9 min. For comparison each series with and against the flow has 
been acquired during 30 sec. interval. The cell was filled with water and 
measurements have been performed at fixed transducers positions at 3.5 and 1.25 cm 
from the cell bottom, for both static conditions and flow conditions at rotor speed 250 
RPM.  
In Fig. 74 can be seen that measured average time difference between pulses 
acquired with and against the flow (Delta t, s) for flow and static conditions. For the 
case of flowing water and transducer position of 3.5 cm, Delta t is 7.08·10
-8
 ± 1·10
-8
 s 
(or in velocity units 0.18 ± 0.027 m/s) and for 1.25 cm, it is 7.58·10
-8
 ± 9.2·10
-9
 s 
(0.19 ± 0.023 m/s). Therefore, it can be assumed that the average flow fluctuation 
(sound beam is sent alongside the flow direction) is ~2·10
-8
 s (0.054 m/s).  This is a 
small number comparing to result obtained for water flow in Fig. 72 c. This leads to a 
conclusion that the effect of scattering of data points along the channel height is 
indeed due to turbulent flow structures, which occur locally in the flow channel, see 
in Fig. 75 (this hypothesis has been stated in the 3
rd
 conclusion in section 3.4.3, 
p.117), and not due to natural flow fluctuations themselves. 
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Fig.74 Study of water flow fluctuations over long time in terms of ultrasonic TTD 
measurement. Each series was taken every 1.5 min. 
 
3.4.5 Ultrasonic sensitivity test for various rotor speeds 
 
Additional TTD ultrasonic measurement (with and against the flow) has been 
performed for the cell filled with water, for increasing rotor speed from 25 to 275 
RPM (0.3-3.45 m/s). The purpose has been to verify sensitivity of the ultrasonic 
system to various rotor speeds.  
Obtained time of flight difference (DT) data versus rotor speed is plotted in   
Fig. 75. It indicates on very good measurement sensitivity. The values increase 
proportionally with rotor speed for fixed transducer positions 5 and 6.5 cm in the 
upper part of the flow channel. Minimum detected speed was 5 RPM, which 
corresponds to 0.06 m/s. In case of transducers located in the lower part of the 
channel, above 125 RPM there is deviation from the straight line, which is probably 
due to large flow fluctuations created by the local secondary flow structures due to 
presence of recirculation zone of the cell bottom (see, Fig. 69). Standard deviation 
values, calculated based on 20 signal samples recorded for each speed, are small, 
5·10
-9
 s, which is the same as recorded for static water case and fairly constant for all 
speeds, which points to good measurement accuracy of the ultrasonic system. 
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Fig. 75 TTD ultrasonic measurement of water speed for different rotor speeds, measured at 
fixed transducers positions 5, 6.5 (top left) and 3.75 cm (bottom left). Corresponding calculated 
standard deviations are on the RHS. 
 
3.4.6 Effect of temperature on sound speed measurements 
 
Issue of temperature change is important to consider, since it has always a large 
impact to sound speed measurements (0.1
 o
C changes sound speed in water by 0.2 
m/s, see Fig. 8 in Paper II). Such error could impair reliability of performed 
measurements. 
Temperature of the system (motor, water inside the flow channel and water 
inside the area between square box and flow channel) changed slightly during the 
whole duration of the tests lasting a few hours (average ΔTmotor ≈ 9
oC, ΔTwater-in ≈ 
0.4
oC, and ΔTwater-out ≈ 1
o
C). Such temperature deviation influenced absolute position 
of signals (both WF and AF), when comparing them at the beginning and at the end of 
a test.  
In the performed tests, continuous measurement of 20 signal samples was a 
standard procedure, performed separately for sound travelling with and against the 
flow (WF and AF), by switching connectors of the transmitting and receiving 
transducers. It has taken approximately from 30 sec up to 1 min. It is “almost” 
simultaneous WF and AF measurement, comparing to the whole duration of tests 
lasting a few hours (in case of simultaneous WF and AF measurement, the 
temperature effect is neutralised according to TTD measurement principle). In order 
to verify if temperature had any effect on measurement of absolute DT, a test for 
static water was run lasting 95 min for measurements performed at different cell 
heights from 7.25 to 3.5 cm. Result is presented in Fig. 76. Temperature of water 
outside the annulus changed from 17.3 to 18.4
o
C, which reduced time of receiving 
signal acquired in “WF mode” by 1.44·10-6 s (corresponding to reduction in sound 
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speed ~2.2 m/s). However, subtraction of absolute positions of signals acquired in AF 
and WF modes resulted in zero signal shifts for all tested points, which indicates on 
no- or very low risk of measurement error due to temperature effect.  
 
Fig. 76 Temperature test for static water by ultrasonic TTD measurement. 
 
3.4.7 Ultrasonic measurement verification by PIV – feasibility 
test 
 
For verification of ultrasonic measurements described in section 3.4.3, images 
for Particle Image Velocimetry (PIV) measurement have been recorded by Pixelfly 
high speed camera.  Sheet of green laser light was illuminating two cross-sections: 1) 
axial, along the flow channel circumference and in the mid channel width and 2) 
transverse, across the flow channel width. Examples can be seen in Figs. 77-78, where 
particle suspension and water with seeding particles are presented. Particle suspension 
consisted of glass beads of sizes 180-250 µm and concentration 35.5 %wt, flowing in 
water. Seeding particles are glass beads of sizes 20-40 µm, added to water in the 
amount of 10 g. 
Initial processing of recorded images has revealed that it is possible to cross-
correlate acquired images using the PIV method. Processing has been performed 
using MatPIV 1.6.1 toolbox for PIV in Matlab software. In Fig. 79 an example of 
calculated velocity vectors for the particle suspension is shown. Instantaneous and 
local velocity profile has been determined (at chosen position x=440, along the 
channel height), see in Fig. 80, based on two images acquired one after another, 
separated by 2 ms time interval. Calculated velocity is related to movement of glass 
particles. Estimated velocity varies between 0.3 and 0.7 m/s in the upper part of the 
cell where particles flow (from 1 to 7 cm of flow channel height), whereas is 0 m/s for 
particles lying on the cell bottom (from 0 to 1 cm). These values correspond in some 
degree to velocity obtained using the ultrasonic TTD method, for particle suspension 
as in Fig. 73 a and are prone to reject theoretically calculated values in Fig. 73 c.  
There is a need to obtain an average velocity profile, based on large number of 
images and applying advanced image averaging techniques, in order to represent well 
velocity. Also, to describe complex flow patterns of this very dynamical suspension. 
Additionally, compare with reference for water with seeding particles. This type of 
study has not been performed as part of this Ph.D. work due to longer time for data 
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processing than anticipated, however it is recommended to be carried on in future 
research. 
 
Fig. 77 High speed camera images for particle suspension in the small scale rotational flow cell. 
 
Fig. 78 High speed camera images for water with small glass seeding particles in the small 
scale rotational flow cell. 
 
 
 
Ultrasonic TTD measurement of flow velocity in a rotational cell (complementary study) 
 
 
96 
 
Fig. 79 Velocity vectors of particle suspension, along axial cross-section of the small scale 
rotational flow cell, as shown in Fig. 77 left, calculated using PIV method. 
  
 
Fig. 80 Instantaneous and local (for x=440 px) velocity profile of particle suspension in the 
small scale rotational flow cell, at 250 RPM rotor speed. 
 
3.4.8 Conclusions 
 
 Mean axial flow speed measurement for water-particle and water flow at 
rotor speed 250 RPM (3.14 m/s) was performed, by the ultrasonic Transit 
Time Difference (TTD) method in the annular flow channel.  
 In addition, high speed camera images have been acquired for flow velocity 
determination using Particle Image Velocimetry (PIV) method, in order to 
verify ultrasonic results. 
 Theoretical flow speed pure water for the simple Couette flow ranges from 
3.14 m/s at the cell top (measured at 8.6 cm from the cell bottom) to 0 m/s at 
the cell bottom (at 0 cm), Fig. 68d. Measured speeds of particle suspension 
vary between 0.32 m/s (at 7 cm from the cell bottom) and 0.1 m/s (at 1 cm 
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from the cell bottom), Fig. 73 a. Similar values have been obtain for pure 
water, here however, values doe not clearly drop towards the cell bottom. 
Measured by ultrasound lower flow speed values are probably due to the 
secondary flow slowing down the axial flow and the gas ring under the rotor, 
reducing transferred dragging force from the rotor into fluid.   
 Instantaneous, local axial velocity profile for particle suspension, obtained 
using PIV method, confirms at least to some degree, flow velocity values 
determined by ultrasonic method. Estimated particle velocities oscillate 
between 0.3 and 0.7 m/s, within the cell height range 1 and 7 cm  (the same 
as for ultrasonic testing), Fig. 80.  
 However, one need to keep in mind that more advanced case studies and 
mean axial velocity profiles are necessary to describe accurately and in detail 
this dynamic, heterogeneous particle suspension using PIV method.  
 Ultrasonic testing resulted in tendency of linear drop of flow velocity values 
towards the cell bottom (as theoretically predicted), in case of water-particle 
flow; however, no clear tendency is seen for water flow. This is in contrary 
to what is expected, since presence of particles in principle should encourage 
scattering of data points (flow fluctuations induced by particle inertia force) 
and not pure water flow. This can be explained by turbulent flow structures 
created with presence of the secondary flow.  A hypothesis is that the 
secondary flow is more pronounced for pure water than for water-particle 
flow. Particle bed on the cell bottom damps and shifts upwards kinetic 
energy.  
 Ultrasound TTD system in the rotational test cell is sensitive to various rotor 
speeds and therefore flow velocity. Minimum detected speed change was 5 
RPM (0.06 m/s). Preferable position for testing the sensitivity is in the upper 
part of the cell, due to suspected presence of secondary flow structures in the 
lower part, as results showed. 
 Measured by ultrasonic system flow fluctuations at fixed transducer position  
sending sound beam parallel to the flow direction are small ~2·10
-8
 s (0.054 
m/s), comparing to scattering of data acquired for water flow, from 3·10
-8
 to 
8·10
-8
 s (from 0.1 to 0.25 m/s). This indicates that the secondary flow 
structures were captured by ultrasound in water flow, which results in 
dispersion of average flow velocity points. 
 Risk of introduction of error into sound speed measurements by temperature 
change of a system has been minimized by acquisition of signal with and 
against the flow within possible shortest time interval. However, to avoid the 
temperature effect, simultaneous measurements with and against the flow 
should be performed. 
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3.5 CCF of backscattered ultrasonic signals for flow 
velocity determination – feasibility test 
 
3.5.1 Objective 
 
The objective was to perform feasibility study in order to determine average 
fluid velocity of liquid-particle system by following echoes/scattering patterns in 
ultrasonic signal generated by flowing particles, using the cross-correlation function 
(CCF) on time-domain signals. 
Note: Ultrasonic Doppler flowmeter is based on similar principle; however the 
frequency shift (Doppler Effect) of an ultrasonic signal, when it is reflected by suspended 
particles or gas bubbles (discontinuities) in motion, is utilized for flow velocity 
measurement and transducer’s face is usually placed perpendicularly to the flow direction 
(according to Omega Engineering Inc.). 
 
3.5.2 Challenges 
 
 Obtain readable ultrasonic signal for cross-correlation, i.e. containing 
characteristic echoes (backscattered reflexes) from particles in flow conditions; 
 Create Matlab program for cross-correlation of ultrasonic signals, which 
assumes flexibility in terms of defining correlation intervals (number, location, 
length) and possibility for their automatic selection; 
 Develop an algorithm for improvement of quality of noisy ultrasonic signals 
for accurate cross-correlation; 
 
3.5.3 Experimental setup 
 
The experimental setup used in test is shown Fig. 81. One ultrasonic transducer 
was operating in Pulse-Echo mode, with incident spike pulse of 5 kHz PRF and 100 
µJ energy.  The transducer was either placed on the external wall of the box or it was 
immersed in the fluid and placed close to the wall and with the face directed towards 
the flow direction (a non-immersible transducer was converted into an immersible 
one, by putting home-made rubber sleeve tightly on the transducer body and leaving 
only the face to be in contact with the fluid). Water flow with glass particles was 
created at different mixer velocities from 1.56 to 1.98 m/s, using a high shear mixer. 
Velocity of fluid is expected to be lower than of mixer. 
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Fig. 81 Experimental setup and converted to immersible type ultrasonic transducer. 
 
3.5.4 Methods 
 
Due to occurrence of challenging signals for cross-correlation, which means 
very noisy signals and without any clear, characteristic echoes, the following methods 
for flow velocity measurement using backscattered ultrasonic signals have been 
applied: 
1 Study for flow of water with air bubbles created at turbulent flow velocity, water 
with high (>10%wt) and low (<1%wt) amounts of glass particles of diameter 
within range180-250 µm. 
2 Flow test with transducer placed outside and inside the cell. 
3 Cross-correlation of signals in Matlab program using two cross-correlation 
functions, one based on multiplication of signals (standard) and the other based 
on subtraction (non-standard). 
4 Cross-correlation using a single interval chosen by user and simultaneous cross-
correlation of several intervals automatically selected by Matlab program. 
5 Applying “magnification function” in order to emphasise the most characteristic 
shapes in signal, which will ease accurate correlation process. 
 
3.5.5 General principles  
 
 Relate the cross-correlation of ultrasonic signals to the process of shooting 
photos, where one photo corresponds to one wave cycle; 
 Acquire two wave cycles, which are representative, i.e. they should capture 
echoes from flowing particles, which are “time shifted” in the second cycle; 
 Use possibly flat parts of signal, without wall reflexes; 
 Split signal into small intervals; 
 Reset to t=0 for each interval; 
 Use data point numbers j, instead of times t; 
 Set maximum τmax based on expected maximum velocity value (e.g. for 
expected maximum velocity 2 m/s, τmax is 5.4e-7 s for PE mode); 
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Calculation of flow speed U:  
)/1( PRF
L
U

  (3.1) 
 
And 
 2/TcL   (Pulse-Echo)   
TcL   (Through-Transmission)  
L - is the distance by which the particle has moved in the certain time T  
T - is the time difference determined from cross-correlation of signals 
PRF - is the ultrasonic pulse repetition frequency 
 
CCF based on signal multiplication: 
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CCF based on signal subtraction: 
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(3.3) 
 
Fig. 82 Example of signals used for the CCF based on multiplication. 
 
Theoretically, an advantage of using the CCF based on signals subtraction 
instead of multiplication is that it may provide better resolution in case of very noisy 
signals, where backscattered pattern is buried in noise or has small amplitude 
comparing to noise), and/or when its amplitude is not preserved, however the shape 
is. In case of the CCT based on multiplication, the target is to find first maximum. 
However, noisy parts and not actually backscattered signal parts may give maximum 
CCF in case of large noise amplitudes. This effect could be avoided using subtraction 
of signals, where the target is to look for first minimum. 
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Fig. 83 Example of signals for cross-correlation using CCF based on subtraction. 
 
Post-processing of signal  
The procedure written as Matlab code for simultaneous cross-correlation of 
several intervals was the following: 
1. Analyse only useful possibly flat signal parts (for example the initial portion 
of the of signal, i.e. first 200 points – out of total 40 000 point interval, is not 
useful due to containing a peak); 
2. Apply the magnification function on parts of signal (i.e. 600 point intervals). 
This will help to expose characteristic shapes of a signal (see in section 
3.5.6); 
3. Divide signal into smaller intervals (i.e. 200 point intervals); 
4. Next, apply the following scheme: 
FOR loop (for each small interval (200 points):  
o First, divide signal into i.e. 30 point intervals (length and number of 
intervals are flexible) and find local minimum (or maximum); 
o Then, create new intervals around local minimum (or maximum) 
consisting of 30 points (length of intervals is flexible). These 
intervals will be actually used for cross-correlation and are more 
characteristic than randomly chosen 30 point intervals by division. 
It was observed that for longer than 30 points intervals, 
backscattered shapes are lost in noise (see in Fig. 84); 
 
Fig. 84 Selection of signal intervals for cross-correlation. 
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FOR loop (for each 30 point interval): 
o Cross-correlate interval and plot result; 
END 
END 
5. Use two CCF functions, one based on signal multiplication and the other 
based on signal subtraction. 
 
Some of intervals for cross-correlation selected automatically by Matlab 
program are visually more “representative” (blue, red) than other (green, light blue), 
see Fig. 85. 
 
Fig. 85 At the top: backscattered signal for glass particles suspension (<1%wt) in water, at mixer 
speed 1.56 m/s. At the bottom: automatically selected 30 point intervals for cross-correlation by 
Matlab program. 
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3.5.6 Signal amplitude stretching function 
 
Quality of noisy signal designed for determination of flow velocity using cross-
correlation method, can be significantly improved by “stretching” of signal amplitude 
by specially designed function.  The procedure for that is according to the steps: 
a) Two signal cycles are acquired. 
 
Fig. 86 Acquired two signal cycles for cross-correlation. 
 
b) Processing of 1st cycle: splitting into small parts and then “zeroing” out 
amplitude (shifting signal by a constant) for further processing. 
 
Fig. 87 Splitting of signal into three parts (top fig.) and “zeroing” out of amplitude (bottom 
fig.). 
 
c) Defining three amplitude segments within selected amplitude ranges. This 
procedure needs to be done separately for the top (A≥0) and the bottom parts of 
the signal (A<0). Then, the segments 1-3 are multiplied by individual constants: 
C1, C2=2C1 and C3=3C1, in order to magnify/”stretch” amplitude with the 
highest impact on the most top and the most bottom segments.  
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Fig. 88 Signal amplitude segments of positive (top fig.) and negative values (bottom fig.). 
 
d) Magnified amplitude segments are then combined into the final, magnified 
signal, which has more characteristic features for cross-correlation, than the 
original one.  
 
Fig. 89 Improved quality of signal for cross-correlation (top fig.) and original raw signal 
(bottom fig.). 
 
3.5.7 Example results 
 
Based on acquired signal sample, flow velocity determined using cross-
correlation of original backscattered signal is 0.21 m/s and of modified signal 
(enhanced signal quality using the signal amplitude stretching function) is 0.78 m/s, 
comparing to the reference mixer velocity 1.56 m/s (Table 20). Calculated velocities 
are significantly lower than the reference one, which indicates on some inconsistency. 
This may be explained by too much turbulence in the flow. The stretching function 
applied on the original signal helped to enhanced its quality for cross-correlation (Fig. 
90). In case of several intervals selected automatically by the Matlab programme, 
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calculated  flow velocities range from 1.05 to 3.11 m/s, comparing to the reference 
mixer velocity 1.56 m/s (Table 21). 
 
Fig. 90 Backscattered “processed” signal, using the signal amplitude stretching function. 
Acquired for glass particles suspension (<1%wt) in water, at mixer speed 1.56 m/s, with the 
selected interval for cross-correlation. 
 
Fig.  91 Calculated time shift of the “processed” signal from Fig. 90. CCF1 function based on 
subtraction is at the top and CCF2 based on multiplication is at the bottom. The result from 
CCF1 (minimum) roughly corresponds to the result from CCF2 (the 2nd and 3rd maxima). 
 
Table 20 Determination of fluid velocity from cross-correlation of backscattered from particles 
ultrasonic signal. Selected interval was chosen manually. 
Signal type 
Reference mixer 
velocity, 
U ref, m/s 
Velocity determined 
based on visual 
analysis, U vis, m/s 
Velocity calculated 
by CCF function, 
U calc, m/s 
Originally 
acquired 
1.56 0.19  0.21*, N/A** 
Processed using 
the magnification 
function 
1.56 0.78 
0.78*, 
 0.78**,1.05** 
*- CCF based on signal multiplication 
**- CCF based on signal subtraction 
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Table 21 Determination of fluid velocity from backscattered signal based on correlation of 
several intervals simultaneously. Intervals were chosen automatically by Matlab program.  
Signal type 
Reference mixer 
velocity, 
U ref, m/s 
Velocity calculated by CCF function, 
U calc, m/s 
Processed using 
the magnification 
function 
1.56 
Interval 1: 2.19*, 2.19** 
Interval 2: 0.81*, 1.65** 
Interval 3: 3.11*, 3.11** 
Interval 4: 2.38*, 1.05** 
*- CCF based on signal multiplication 
**- CCF based on signal subtraction 
 
3.5.8 Conclusions 
 
 Measurement of flow speed of particles using cross-correlation method of 
backscattered reflexes from particles, for the setup used in the test, is very 
challenging.  
 Determination of signal time shift by visual analysis is rather possible for 
lower flow speeds, like 1.56 and 1.61 m/s, but not possible for higher speeds, 
like 1.71-1.98 m/s, due to too much turbulence in the system, which causes 
dampened reflected echoes. 
 Subtraction of signals is useful for cross-correlation of noisy signals, as an 
additional cross-correlation technique to the standard one, based on 
multiplication. 
 Short intervals (of ~30 points) are best for cross-correlation, due to 
containing a single, desirable characteristic feature of signal (long intervals 
are noisy and difficult for cross-correlation). 
 The time shift of signal based on visual analysis was roughly confirmed by 
the time shift determined by the Matlab program, however the latter method 
cannot be used independently for determination of flow speed. 
 The signal amplitude stretching function helps to identify a signal time shift 
more easily, due to exposing backscattered signal reflexes. Visual analysis of 
an original signal is possible, but quite difficult, due to backscattered reflexes 
buried in the noise level. 
 Simultaneous cross-correlation of several intervals chosen automatically by 
the Matlab program, based on finding local minimum of signal and building 
small intervals around it, have not brought satisfying results as some of 
intervals were not “representative” for cross-correlation. 
 Cases of air bubbles and high amount (>10%wt) of particles in water resulted 
in noisy signals, which did not contain useful characteristic echoes for cross-
correlation due to too much sound scattering. The case of low amount of 
particles (<1%wt) produced relatively the best signal for cross-correlation. 
 Better signal quality was obtained for the ultrasonic transducer immersed in 
water, than mounted on the box wall, due to damped signal energy in the 
latter case.  
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 The reason for obtained poor quality of signal in the test was probably 
configuration of used experimental setup, where turbulent vortex flow was 
generated at high mixer speeds (1.56-1.98 m/s). Such setup is not convenient 
for determination of flow speed using the method of cross-correlation of 
backscattered signals. Better results are expected in an U-shaped flow system 
with long and straight sections. 
 
3.6 Acoustic streaming 
 
PIV visualization of acoustic streaming is described in Paper III. 
 
Acoustic streaming definition 
 It is steady movement of the fluid driven by the absorption of high amplitude 
acoustic waves (an ultrasonic transducer transfers momentum into the 
medium – if the medium is a fluid and therefore free to move, it will do so, 
due to the waves propagating through it); 
 Movement is along the beam direction; 
 It modifies/enhances the mass and the heat transfer in-situ; 
 
Acoustic streaming applications 
 The acoustic streaming has been applied for non-invasive intervention 
purposes in industry and medicine: e.g. for mixing of chemical solutions, 
ultrasonic cleaning, breaking up of kidney stones;  
 Inducing the fluid flow without applying the internal mechanical force; 
 
Sketch of the streaming pattern 
Study of streaming patterns in glycerol-CO2 
system performed by Scott Fogler (1970), Fig. 92. 
The fluid movement due to acoustic streaming was 
followed by the use of tracer particles. He observed 
repeating circular patterns of acoustic streaming, 
symmetrically located about the transducer beam 
centerline. The streaming was the most intense 
along the center of the beam and speed was about 10 
cm/s. 
 
 
 
 
 
  
Fig. 92 Effect of ultrasonic waves 
on biological mass transport, Scott 
Fogler (1970). 
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3.6.1 Objectives 
 
 Visualize acoustic streaming in Newtonian and non-Newtonian liquids with 
help of the PIV technique, in order to understand interaction of ultrasound 
wave with liquid in a closed system; 
 Measure flow velocity in low range; 
 
3.6.2 Challenges 
 
 Choice of an ultrasonic transducer and an incident wave parameters; 
 Setting up laser light illuminating liquid flow in the test cell; 
 Recording of acoustic streaming using a high speed camera; 
 Determination of velocity profiles using Particle Image Velocimetry (PIV); 
 
3.6.3 Experimental setup and method 
 
Plan of experiment 
 Study of the streaming effect in water, glycerine and Non-Newtonian 
solution of water - Polyanionic Cellulose (PAC); 
 Measurement of the streaming velocity in the near field of transducer as a 
function of applied voltage; 
 The Particle Image Velocimetry method has been used to visualize the 
acoustic field and the induced flow; 
 Used tracking particles - seeding particles from Swiss Grilltex EMS Chemie, 
size 63-80 µm, of density 1050 kg/m
3
 (neutrally buoyant in water). Color 
indicator - Lissamine red 6B from Chroma-Gesellschaft GmbH; 
 
Experimental setup and PIV method 
Experimental setup contains Agilent Waveform Generator, which outputs 
continuous sinusoidal waves at frequency 4 MHz, (which is the same as the 
transducer natural frequency for maximum effect). The ultrasonic transducer 
(immersible, unfocused from Metflow of 4 MHz and 5 mm diameter) was immersed 
into the square container of size 20 cm, filled with fluid. Another component is a glass 
plate, which is used for dispersion of focused laser beam, which illuminates the 
measurement section with uniformly distributed light. Laser system consists of diode 
and incorporated power supply and controller (from SUWTECH). It supplies a thick 
laser sheet. In order to narrow the laser beam, a collimator was placed between the 
laser and glass plate. The PIV system in addition to laser system, consists a high 
speed camera Pixelfly from Cooke Corporation, with 1392x1024 px resolution, 
approx. 2000 frames per sec and exposure time 1/100 000 to 10 sec. Acquired images 
were post-processed in DynamicStudio software from DantecDynamics A/S. 
 
Particle Image Velocimetry (PIV) method is based on two recorded video 
images, captured using high speed camera. These two images are divided into small 
“interrogation areas” (sub windows), for example 32x32 px. During time interval Δt, 
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which is time between two consecutive images a single particle has moved by 
displacement Δs. The absolute velocity is computed as Δs/ Δt and the velocity vector 
is along Δs. Two images are cross-correlated (in other words: superposed) and 
velocity vectors are calculated. As an example, time between two images for water 
test was 65.5 ms. 
 
Fig.  93 Experimental setup used for visualization of acoustic streaming. 
 
3.6.4 Results 
 
For preliminary experiments a glycerine was used (Fig. 94). A direction of 
ultrasonic beam is shown by dashed line. The color indicator was injected using 
syringe just below the surface of gycerine. The stripes were deformed by an acoustic 
pressure what can be seen in this figure. Original stripes are marked by red dotted 
lines. The charging voltage was 10 V peak to peak. 
In Fig. 95, an image from video of acoustic streaming in water with nautrally 
buoyant in water seeding particles is presented. Movement of particles shifted by 
acoustic pressure can be observed (as well as movement of air bubble captured in 
water). The maximum streaming velocity is the highest in place where beam intensity 
is the highest. Two particle traces are present here, but streaming is more visible for 
one to the right.  
An image from video recorded for 400 ppm concentration of PAC Polyanionic 
Cellulose dissolved in water with applied 10 Vp-p is in Fig. 96. No seeding particles 
were necessary, because polymer particles were sufficient to be used as tracer 
particles. Particles move mainly in direction along the beam, but there is also a bit 
sideways creating Eddies in the region close to the transducer. A challenge was to 
generate an acoustic streaming effect in highly viscous non-Newtonian fluid, due to 
its great sound attenuation properties. Arrows show streaming pattern obtained from 
the recording. 
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Fig.  94 Visualization of acoustic streaming in glycerine. 
 
 
Fig.  95 Visualization of acoustic streaming in water. 
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Fig. 96 Streaming pattern for 400 ppm concentration of PAC Polyanionic Cellulose dissolved 
in water. Polymer particles were treated as tracer particles. 
 
Fig. 97 shows an example of result of cross correlation. It is a map with velocity 
vectors that are represented by arrows. For comparison of the acoustic streaming in 
fluid, the velocity values along a line perpendicular to the beam centerline were 
extracted. The final absolute velocity equals to the length of velocity vector and is 
calculated using Pythagoras equation with vector components U and V values as “a” 
and “b”, where vector component U is in horizontal direction and V is in vertical 
direction:  L = (U
2
+V
2
)
1/2
. 
In Fig. 98, the acoustic streaming velocity profile in water is presented. The x-
axis shows the distance along the representative line. The y-axis is velocity vector 
length. It can be seen that streaming velocity increases for increasing voltage. The 
maximum absolute velocity is 1.4 mm/s at distance 9.8 mm obtained for 7.5 V. This 
distance corresponds to transducer beam centerline, where streaming is the strongest 
and beam intensity is the highest. Beam centerline is located at distance around 10 
mm. The velocity profile is relatively symmetrical. 
 
 
Fig. 97 Image post-processing - map with velocity vectors that are represented by arrows. 
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Fig. 98 Streaming velocity profiles of water as function of voltage. 
 
3.6.5 Acoustic streaming equation 
 
The expression obtained by Eckart (1948) for the streaming velocity U0 in 
Newtonian fluids can be written as: 
 
cWU s /0 
  
(3.4) 
Where  is the sound attenuation coefficient, W is the total power of the beam, 
 is the geometric factor (related to the transducer diameter, geometry of the beam 
and boundaries of the fluid), s  is the shear viscosity and c is the sound speed of the 
fluid. The streaming velocity depends on the balance between viscous forces retarding 
the flow (ηs) and the radiation pressure (αW/c) driving the stream (momentum in the 
liquid transferred by ultrasonic transducer). Any absorption mechanism can contribute 
to α, including shear viscosity, bulk viscosity and relaxation. Attenuation due to 
viscosity is described by Stokes (1941) equation: 
 3
2
3
2
c
T
visc


 
  
(3.5) 
However, there are also other factors that influence sound attenuation like 
thermal, structural, scattering and flow turbulence losses (see the Superposition theory 
in section 2.6.4 and conclusion no. 7 in section 2.6.11). Streaming velocity is sound 
frequency dependent due to sound attenuation dependence on the frequency. 
There is no equation available for acoustic streaming in non-Newtonian fluids 
and additional factor to take into account would be to apply model for the non-
Newtonian fluid viscosity dependent on shear rate. 
  
0 5 10 15 20 25 30 35
0
0.5
1
1.5
Distance, [mm]
V
e
lo
c
it
y
, 
[m
m
/s
]
 
 
2 Volts
5 Volts
7.5 Volts)
Acoustic streaming 
 
 
113 
3.6.6 Conclusions 
 
 The acoustic streaming increases with increasing transducer voltage. 
 Maximum peak velocity is in the axial position of the transducer, where 
energy of beam is the highest. 
 The PIV technique is a valuable tool for visualization and quantification of 
streaming, in particular for very low flow velocities in the range of mm/s. 
 Ultrasound of continuous wave is recommended for visualization of 
streaming. High energy ultrasound (> 1 mW) is preferable.  
 In order to assure streaming, avoid collision with echo from opposing walls 
(avoid standing waves). 
 The acoustic streaming with the PIV technique could be an accurate tool for 
in-situ measurement of fluid rheology. However, it requires better theories 
(if-any) for streaming in non-Newtonian flow. 
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4 Main achievements 
 
 Design of the ultrasonic methodology for measurement of liquid-
particle flow 
 Selection and setting up hardware and software elements of an ultrasonic 
experimental setup for liquid-solid particle flow measurement;  
 Testing of instrumentation in terms of measurement sensitivity and limitations; 
 Creation of principles for successful signal acquisition (signal acquisition 
parameters, signal averaging techniques);   
 Studying possibilities for design of an input ultrasonic pulse for determination 
of the most optimal wave design; 
 Studying various pulse types and designs, resulting in finding the most optimal 
wave shape for ultrasonic measurement of liquid-particle flow; 
 Study of sound resonances occurring in a measurement cell and cell walls; 
 Selection of a test cell and mixers for ultrasonic measurement of homogenous  
liquid-particle flow; 
 
 Practical application of developed methodology 
 Finding potential of the developed ultrasonic method for characterization of 
fluids having various physical properties; 
 Finding potential of the ultrasonic spectroscopy method for measurement of 
particle size of flowing liquid-particle systems, however an advanced signal 
interpretation is needed; 
 Successful ultrasonic measurement of low concentration of small glass 
particles in water flow, using the Improved Pulsed Broadband Sound 
Attenuation Spectroscopy method (as described in Paper I); 
 Successful ultrasonic measurement of water with glass beads in high shear 
flow (fully turbulent), as a function of concentration and flow speed (as 
described in Paper II); 
 Development of the ultrasonic spectroscopy method, suitable for simultaneous 
measurement of average concentration and flow speed of liquid-particle flow 
using the same ultrasonic pulse (as described in Paper II); 
 This method can also be used for study of flow turbulence intensity, 
determination of moment of particle clustering and detection of air bubbles as 
the third phase in water-solid particle two-phase flow (as described in Paper 
II); 
 Finding suitable physical, acoustic and flow dynamics theories for  
interpretation of the experimental results; 
 Discovering that the superposition theory by Dukhin and Goetz (2002) is 
missing one element,      , which is the sound loss due to flow turbulence. 
This extra element shall be taken into consideration for complete description of 
the total sound attenuation in colloids; 
 Determination of accurate measurement range and noise range in the sound 
frequency spectrum used for measurement of liquid-particle flow; 
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 Performed measurement uncertainty analysis, in order to list out different 
factors influencing measurement and size of their influence;  
 Performed a number of numerical simulations in Matlab software supporting 
interpretation of obtained experimental data; 
 Performed numerical simulations of sound wave propagation and sound 
pressure distribution in water and water containing solid particles, using 
Comsol Multphysics software, for better understanding of experimental 
results; 
 Attempt for determination of flow velocity using cross-correlation of 
ultrasonic signals, backscattered from solid particles; 
 Creation of the amplitude stretching function, which improves quality of 
ultrasonic signals designed for cross-correlation; 
 
       Small scale rotational test cell  
 Design of an advanced test cell with annular flow channel for study and 
measurement of velocity and concentration profiles of liquid-particle flow, 
using ultrasound and laser based methods; 
 Determination of theoretical flow characteristics using the simple Couette flow 
assumptions; 
 Characterization of flow regimes in the cell - particle size and flow velocity 
influence type of formed liqud-particle flow structure, for example a well 
distributed along the cell height aqueous suspension or symmetrical dunes 
along the flow channel; 
 Ultrasonic measurement of flow velocity distribution (mean axial flow velocity 
along the cell height) of liquid-particle suspension and pure liquid using 
Transit Time Difference method; 
 Testing of ultrasonic measurement sensitivity for flow fluctuations; 
 Testing of ultrasonic measurement sensitivity for various flow speeds; 
 Recorded high speed camera images illustrating flow of liquid-particle 
suspension; 
 Determination of velocity profile of the suspension using the Particle Image 
Velocimetry, for verification of flow velocity measured by the Transit Time 
Difference method; 
 
       Acoustic streaming 
 Performed acoustic streaming in different fluids; 
 Determination of velocity profiles using Particle Image Velocimetry method; 
 Finding dependence between streaming velocity, rheology of fluid and sound 
attenuation; 
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5 Summary and conclusions 
 
The objective of this dissertation has been to develop ultrasonic methodology for 
measurement and characterization of flow containing solid particles, in order to widen 
general knowledge related to its on-line (real-time) measurement.  
Ultrasonic methods have offered plenty of possibilities for measurement of 
various flow dynamics parameters, including simultaneous measurement of particle 
concentration and flow speed, measurement of flow turbulence intensity and flow 
stability, characterization of rheological properties of fluids. Ultrasonic detection of 
particle clustering effect and appearance of air bubbles in liquid-solid particle flow 
have also been demonstrated.  There is also potential for studying of particle size of 
flowing suspension using ultrasound. 
The Ultrasonic Attenuation Spectroscopy is a useful and accurate tool for testing 
of suspensions, such as liquid-particle flow containing small diameter particles. The 
Pulsed Broadband Ultrasonic Spectroscopy is particularly useful, due to utilization of 
a very short pulse producing fast measurement, which is essential in case of studying 
dynamic flow systems. Additionally, this method provides wide range of spectral 
frequencies, not limited to a transducer’s resonance frequency.   
The Pulsed Broadband Ultrasonic Spectroscopy can be used for simultaneous 
measurement of particle concentration (based on study of frequency spectra) and 
measurement of flow speed (based on sound speed measurement using the ultrasonic 
Transit Time Difference technique). Such procedure can be performed using a single 
square pulse.  
A number of experimental and numerical examples, together with 
comprehensive explanations, show a potential for the Pulsed Broadband Ultrasonic 
Spectroscopy to be a successful methodology for an on-line measurement of liquid-
particle suspensions and composite non-homogenous materials in general. 
The dissertation has also resulted in creation of a small scale rotational test cell 
with annular flow channel. It can be used for study of various liquid-particle systems, 
like suspensions and dunes and measurement of concentration and velocity profiles 
using ultrasonic and laser based methods (the Particle Image Velocimetry). 
The Particle Image Velocimetry technique is a valuable tool for visualization 
and quantification of acoustic streaming, in particular for very low flow velocities in 
the range of mm/s. Acoustic streaming with the Particle Image Velocimetry could be 
an accurate tool for in-situ measurement of fluid rheology. 
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6 Recommendations for future research 
 
The following research resulting from performed studies can be recommended: 
 Test the Ultrasonic Pulsed Broadband Spectroscopy in large scale applications 
in terms of simultaneous concentration and velocity determination of liquid-
particle flow; 
 Obtain an average velocity profile of particle suspension in the Crisma cell, 
using Particle Image Velocimetry technique, based on large number of images 
and applying advanced image averaging techniques. Also, describe complex 
flow patterns in the cell. 
 Study of possibilities for determination of rheological parameters of fluids 
using acoustic streaming;  
 Study of different models for suspension density and compressibility (see, Eq. 
2.9), in order to better define sound speed of flowing suspension, as well as 
drag coefficients for turbulent flow, in relation with the acoustic theories (see, 
Manninen & Taivassalo, 1996, Harker & Temple, 1988 and section  2.6.4 
Introduction into acoustic theories for particulates).  
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